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INTRODUCTION 


The genus Fritillaria is placed with 
six other genera in the tribe Tulipeae 
which Krause, following Engler, raised 
(with slight modifications of the generic 
content) to the rank of a subfamily under 
the name Lilioideae (Krause in Pflanzen- 
fam. 15 A. 1930, ed. 2). Bentham and 
Hooker, but not Krause, include Gagea 
in this group. In this paper we are chiefly 
concerned with the genus Fritillaria but 
reference will be made to species of 
Korolkowia, Lilium, Nomocharis, and 
Notholirion. The other genera, associ- 
ated by the above authors with Fritillaria, 
namely, Tulipa, Erythronium, Lloydia, 
and Calochortus, and also Gagea (associ- 
ated with Allium in Krause’s classifica- 
tion) are more distinct and are not con- 
sidered further here. The genera Korol- 
kowia, Nomocharis, and Notholirion are 
not recognized as such by Bentham and 
Hooker, but Nomocharis is accepted by 
Krause. 

Fritillaria consists of about 100 known 
species and though there may still be some 
reductions there are probably some new 
ones still to be discovered and described. 
It is widely spread throughout Europe, 
N.W. Africa, temperate Asia, and west- 
ern North America. A number of fairly 
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well-marked sections can usefully be rec- 
ognized. The largest is Eufritillaria typi- 
fied by F. meleagris, the common snakes- 
head, the standard species of the genus 
and the one it is fair and convenient to 
take as “typical” without supposing any 
special phylogenetic scheme. The sec- 
tion Petilium includes the well-known 
F. imperialis, the crown imperial. The- 
resia, with F. persica, Rhinopetalum with 
F. karelinii, and Liliorhiza with F. lanceo- 
lata are other subdivisions to species of 
which references will be made. 


THE CONCEPT OF RETICULATION 


It is proposed to use various species of 
Fritillaria to illustrate the phenomenon 
known as “reticulation.” The term it- 
self, as used in the specialized sense about 
to be described, is not entirely a happy one 
since a network usually shows a regular 
pattern. In the present context it is the 
occurrence in different combinations of 
characters described in the same or simi- 
lar terms that is intended by “reticula- 
tion.” The segregation and recombination 
of characters (and of their correlated 
genes) is, of course, a basic principle of 
Mendelian inheritance. Moreover, 


Gates’s suggestions regarding “parallel 
mutations” and Vavilov’s concept of 
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“homologous variation” have a direct 
bearing on some of the problems con- 
nected with reticulations as they present 
themselves to the taxonomist. These 
problems, as a whole, are, however, more 
complicated than has usually been recog- 
nized and, moreover, may be of funda- 
mental importance in evolutionary theory. 

The concept of “reticulation” is not a 
new one since it dates from long before 
the general acceptance of evolutionary 
theories. The image of a net was em- 
ployed by Donati (1750) to represent the 
ordered complexity of nature. Linnaeus 
(1756) notes that plants show affinities 
on all sides, like a district on a geographi- 
cal map. Robert Brown (1810) refers to 
organisms being “reticulatim” rather than 
“catenatim” connected. Cuvier (1828) 
uses the French word “réseau” as a sym- 
bol of the organic world. Further gen- 
eral references to and remarks concerning 
reticulation in plants will be found in 
Turrill: Taxonomy and Phylogeny, in 
Bot. Rev. 8: 1942, especially pp. 259 seq. 


CHARACTERS OF FRITILLARIA USED IN 
THE STupDyY OF RETICULATION 


The following characters in Fritillaria 
have been selected for this present study 
of reticulation. They do not exhaust the 
characters that could be used but include 
some from all parts of the plants and many 
of those considered of importance by 
taxonomists. Not all but a reasonable se- 
lection of species of the genus are named 
in this account. 

Bulbs. Two fleshy scales of the cur- 
rent season are present in F. meleagris, 
F. verticillata, and the majority of species 
of the genus. Several fleshy scales are 
present in F. imperialis, F. atropurpurea, 
F. liliacea, F. agrestis, and F. dagana. 
“Rice-bulbils” occur in F. lanceolata, F. 
mutica, F. multiflora, F. pudica and other 
Northwest American species, F. cam- 
schatcensis from E. Asia and N.W. Amer- 
ica, and F. davidii from Sikang, W. China. 

Leaves. At least the upper leaves are 
spirally arranged on the flowering stems 
in F. meleagris, F. tubiformis, F. persica, 


F. libanotica, F. pluriflora, F. pudica, etc. 
The leaves are typically opposite in F, in- 
volucrata and F. pontica. Whorled leaves 
are characteristic of F. imperialis, F. cam- 
schatcensis (often), F. verticillata, F. 
maximowicsii, F. recurva, F. biflora, F. 
lanceolata, and F. mutica. Most species 
have non-cirrhose leaves, as in F. mele- 
agris, F. pyrenaica, and F. pontica. Cir- 
rhose leaves characterize F. ruthenica, F. 
verticillata, F. olgae (upper leaves), F. 
usuriensis, F. walujewi, and F. cirrhosa. 
Unusually narrow leaves occur in F. /usi- 
tanica var. stenophylla, F. fleischeri, F. 
forbesiti, and F. meleagroides. 

Tepals. Tessellations are present in 
F. meleagris, F. macedonica, F. tubiformis, 
F. latifolia, F. cilicico-taurica, F. przewal- 
skii, and some other species. They are 
absent in such species as F. pudica, F. ob- 
liqua, F. glaucoviridis, F. libanotica, and 
many other species. 

Well marked fasciae (bands differently 
coloured from the rest of the tepals) occur 
in F. lusitanica, F. graeca, F. messanen- 
sis, F. oranensis, and other species but 
are absent from the majority as they are 
from F. meleagris. 

Spreading to reflexed tips occur in F. 
acmopetala, F. pyrenaica, and F. reflexa. 

Pale yellow or more or less whitish yel- 
low tepals characterize the species or cer- 
tain variants within the species: F. mele- 
agris, F. tubiformis, F. latifolia, F. lutea, 
sibthorpiana, F. pudica. 

Nectaries. Long more or less narrow 
furrows are found in F. lanceolata, F. 
pluriflora, F. camschatcensis, F. drenov- 
sku, and F. olivieri. Elongated pits oc- 
cur in F. meleagris, F. acmopetala, F. 
davisti, F. tuntasia, F. fusca, F. graeca, F. 
oranensis, and F. caucasica. Pits broader 
in relation to their length are found in F. 
ehrhartu, F. glaucoviridis, F. messanen- 
sis, F. pontica, F. pudica, etc. Saucer-like 
pits characterize F. imperialis and F. rad- 
deana. Elongated subspurred nectaries 
are found in F. bucharica and F. pallidi- 
flora while there are more definite fur- 
rows and spurs in F. karelinii. 

Androecium. Many of the species of 
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Fritillaria have papillose or hairy filaments 
but these are glabrous in F. dagana, F. 
verticillata, F. camschatcensis and all 
Western American species. Of particular 
interest are F. armena with papillose and 
F. caucasica with glabrous filaments, since 
these two taxa are very closely related and 
may be best considered as variants of one 
species. The anthers in most fritillaries 
are basifixed or very slightly dorsifixed 
when quite mature. In F. bornmullert, F. 
pudica, F. camschatcensis, and some other 
species they are semi-versatile (at least 
sometimes) and in Kolreuteria they are 
versatile almost as they are in Lilium. 

Gynoecium. Definitely trifid styles are 
found in most species of Fritillaria, as in 
F. meleagris, F. lanceolata, etc. Shortly 
three-lobed styles occur in F. pluriflora, 
F. striata, F. imperialis, and F. aurea. 
Entire styles distinguish F. tuntasia, F. 
bucharica, F. ehrhartu, F. libanotica, F. 
citrina, F. dasyphylla, F. glaucoviridis 
(style thick), F. pudica, F. striata, and 
some other species. 

Capsules. Winged capsules occur in F. 
recurva, F. pallidiflora, F. mutica, F. mul- 
tiflora, F. libanotica, F. lanceolata, F. im- 
pertalis, F. glaucoviridis, F. dagana, etc. 


' Most species of which ripe capsules have 


been studied have no capsular wings. 
Such include: F. meleagris, F. sibthorpi- 
ana, F. tuntasia, F. ruthenica, F. pyre- 
naica, F. purdyi, F. pluriflora, F. graeca, 
F. liliacea, F. agrestis, F. acmopetala, and 
others. It is interesting to note that F. 
pontica has, and the otherwise very simi- 
lar F. involucrata has not, wings to the 
capsules (judging from available speci- 
mens). Short “shoulder horns” occur in 
F. pinetorum, F. arianum, F. karelinii, 
F. libanotica, and F. glaucoviridis. 


DIscussION 


The taxonomic value of bulb characters 
has been previously stressed by the writer. 
Here it is only necessary to draw atten- 
tion to the geographical distribution of 
species with multiple scales and “rice- 
bulbils.” All known American species 
have either more than two bulb scales and / 


or “rice-bulbils.” However, F. camschat- 
censis with “rice-bulbils” extends from 
western America into eastern Asia, while 
F.. dagana and F. imperialis with several 
fleshy scales and F. davidii with “rice- 
bulbils” are Asiatic species. 

The above analysis of characters can be 
extended very considerably but enough 
facts have been given to prove that many 
different character combinations occur 
and yet there are apparently certain limi- 
tations to completely free association and 
some marked correlations or “linkages” 
that are significant. A table of certain 
character combinations for ten species (5 
Old World, 1 Old and New World, 4 
New World) will emphasize some of the 
points already made and will provide il- 
lustrations for the discussion that follows. 
This discussion is frankly speculative and 
any conclusions reached are tentative. 
Our knowledge of the genetics and aute- 
cology of species of Fritillaria is very 
meagre indeed and until detailed experi- 
mental and field studies result in suffi- 
cient facts regarding inheritance and se- 
lection one can only apply analogy (using 
data from other genera) or reasonable 
possibilities. For the solution of some 
of the general problems of which examples 
are provided by the present study, Friti-_ 
laria will probably not provide the most 
suitable material. Nevertheless, to at- 
tempt explanations is one of the best ways 
of focussing attention on the problems 
themselves. 

“Reticulation,” as here understood, is 
based on taxonomic characters and it is 
essential to distinguish true reticulation 
from false reticulation and in the former 
to realize that genetically two kinds oc- 
cur. We then have the following scheme : 


1. True reticulation. 


A. With the same kinds of genes 
present. 

B. With different genoms giving the 
same characters. 


2. False reticulation. With charac- 
ters described in similar terms but either 
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not strictly homologous morphologically 
or attained by very different phylogenetic 
routes. 

It is also desirable to consider the limi- 
tations of free association of characters 
and these may be due to: 


i. Inheritance of a common genotype 
with absence of mutations in the loci 
concerned. 

ii. Selection by the external environ- 
ment against certain character combina- 
tions and for certain other combinations. 

iii. Regulations by the laws of logic, 
chemistry, or physics which make certain 
characters or character combinations im- 
possible. 

There is no general and obvious regu- 
lar pattern in the reticulation of characters 
found in Fritillaria and related genera. 
This makes one suspect that any explana- 
tion must involve a number of more or 
less independent “causes.” There are, 
however, a number of restricted or local 
regularities in which there is some degree 
of correlation constancy and clues to the 
“causes” of reticulation may be found by 
a study of these. Bearing in mind the 


above tentative scheme it is worth while 
to see how it has been worked out for 
Fritillaria and allied genera. 

The first obvious correlations are those 
in the American group of species. All of 
them have more than two current season 
store scales to the bulb with or without 
“rice-bulbils,”’ mnon-cirrhose leaves, and 
glabrous filaments. In addition whorled 
leaves occur in a higher proportion of 
species than in the European-Asiatic 
fritillaries. It is interesting to note that 
whorled leaves are characteristic of many 
American species of Lilium. None of 
these characters is confined to American 
species and in addition there are some 
striking parallelisms with Old World 
species. Thus, the American F. pudica 
has entire styles like the European-Asiatic 
Olostyleae of Boissier (F1. Or. 5, 185 seq. : 
1884) and, indeed, is remarkably similar, 
except in bulb characters, to F. sibthorpi- 
ana. F. pinetorum (F. atropurpurea var. 
pinetorum) has capsules with shoulder 
horns like those in F. glaucoviridis. It 
is important to note that F. camschatcen- 
sis, which in various characters approxi- 
mates to species of Lilium (see Bot. Mag. 


TABLE 1. Character combinations for ten species of Fritillaria 
a 
‘a 
ii 
F. meleagris x x x|x x x x x xX| E |24 
F. pontica xX xX = ree « xX xX xX X | EA | 24 
F. verticillata xX xX |X x xX xX/|xX xX xX A 
F.. glaucoviridis x xX xX X|xX xX xX A 
F. pallidifiora x?| xX x x |x x|x x x| A |24 
F. imperialis x x x x|x x|xX x x| A |24 
F. camschatcensis xX x = x x zi x X | AAm|} 24 
36 
P. recursa x x x X x x |x x| | 
FP. purdyi x |x x|x x x|xX x X | Am | 24 
FP. pudica x |x x x|x x x x xX | Am 36 
39 


In the “distribution” column E =Europe, A =Asia, Am =America. 
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N.S. t. 63: 1949), agrees in the correlated 
characters with the American and not 
with the Asiatic species of Fritillaria and 
is the species linking the geographical 
ranges of American with Asiatic fritil- 
laries. The resemblances within the 
American group of species are quite prob- 
ably due to inheritance of a common gene- 
tic basis but the reticulation of characters 
with European species is probably of di- 
verse and independent origin. Thus the 
entire style character is possibly the re- 
sult of “parallel mutations” but whether 
of the same or of different genes (1 A 
or 1 B in our scheme) is quite uncertain. 
Glabrous filaments in all the American 
species give a reticulation with glabrous 
filaments in some Old World species. 
There can be no doubt that the filament 
difference between F. armena (papillose) 
and F. caucasica (glabrous) is very simply 
genetic but “loss” of a character is not 
always due to the same gene change and 
if the glabrous state of the filaments in 
the American species be correlated with 
different gene changes from those in the 
Old World species we have an example 
of 1 B in our scheme. All American 
species of Lilium examined have glabrous 
filaments. 

Another interesting group of three spe- 
cies (or three subspecies or varieties of one 
species) is composed of F. involucrata, F. 
ionica, and F. pontica. These have most 
characters in common and in particular 
have the cauline leaves generally opposite 
and the bract leaves ternate. F. involu- 
crata comes from south-eastern France and 
has narrow leaves and capsules without 
wings. F. ionica, from the Ionian Islands 
and western central Balkan Peninsula, has 
broad leaves and capsules without wings ; 
F. pontica from the central and eastern 
central Balkan Peninsula, has leaves of 
medium width (generally intermediate 
between those of F. imvolucrata and F. 
ionica) and capsules with wings. Rela- 
tive to F. pontica, it would appear that 
F. involucrata and F. ionica have two mu- 
tational character differences—one in com- 
mon and one each independent and mor- 


phologically at opposite ends of a series 
(leaf breadth). If the three be united as 
one species, F. involucrata is the earliest 
name. One may postulate F. pontica as 
the oldest taxon of the three. A muta- 
tion then gave non-winged capsules and 
other mutations differing in leaf breadth. 

Comments may be made here on one 
other group which has many problems. 
This is that of the fritillaries of the 
Himalaya and China of the F. cirrhosa— 
F. roylei affinity. If these be united as 
one species the name F. cirrhosa has to 
be applied to it. Typical F. cirrhosa has 
cirrhose leaves and occurs in Nepal, 
Sikkim, Bhutan, southern Tibet and Up- 
per Burma. F. roylei with broader non- 
cirrhose leaves is found in the northern 
Punjab, Hazara, Kashmir, Tehri State, 
northern United Provinces, and Simla. 
So far as plants of the Indian Himalaya 
are concerned there would appear to be 
two species (or subspecies) F. cirrhosa 
in the east and F. roylei in the west with 
their ranges meeting presumably some- 
where in Nepal. However, there are 
complications when collections from Ti- 
bet, northern Assam, and China are ex- 
amined. In these areas there are plants 
intermediate between F. cirrhosa and F. 
roylei and others that deviate from both 
and yet belong to and by intermediates are 
linked up with the group. Unfortunately 
it has not been possible to study collec- 
tions of living plants of this group grown 
under controlled conditions and dried 
specimens often leave much to be de- 
sired. It can only be tentatively suggested 
that the populations of F. cirrhosa and F. 
roylei originated from a more varied pop- 
ulation to the north of the Indian Hima- 
laya and that their relative uniformity, 
which is only another phrase for high 
degree of correlation of characters, is due 
to isolation at the south western and south 
central margins of the range of the group 
as a whole. How best to treat the mass 
of variants in Tibet and China taxonomi- 
cally is another problem still awaiting solu- 
tion. It is interesting that well marked 


tessellation occurs in many of the Indian 


6 W. B. TURRILL 


and Chinese plants and some individuals 


are not so greatly dissimilar from our own 


snakesheads. 


RETICULATION BETWEEN FRITILLARIA 
AND OTHER GENERA 


We must now turn to a brief consider- 
ation of reticulation between Fritillaria 
and other genera and again it is conveni- 
ent to select certain characters of organs 
as examples of problems of particular in- 
terest. 

Bulbs. In Fritillaria, several bulb tvpes 
are present. This is true also of Lilium 
and there are good reasons for accepting 
a genetic relationship between the two 
genera. The bulb type with many small 
scales found, for example, in F. cam- 
schatcensis, can be practically matched in 
Lilium, as for example in L. grayi, L. 
roesli, and L. occidentale. These spe- 
cies would also connect up with the “rice- 
bulb” type of American fritillaries. 
Moreover, Notholirion hyacinthinum has 
structures at least superficially very like 
“rice-bulbs” though the detailed mor- 
phology and ontogeny of these requires 
investigation in all the genera mentioned. 

Leaves. The various leaf arrangements 
in Fritillaria occur also in Lilium, Cir- 
rhose leaves are limited to Fritillaria 
within the Tulipeae. Their occurrence 
in Gloriosa may be and in Mutisia (Com- 
positae), etc. certainly is an example of 
false reticulation. 

Tepals. Tessellations are peculiar to 
Fritillaria within the Tulipeae as also are 
fasciae. Perianth shapes from campanu- 
late to widely open and with or without 
recurved tepals can be matched in Lilium, 
Notholirion, and/or Nomocharis. 

Nectaries. The long narrow furrowed 
nectaries of some fritillaries occur also in 
Korolkowia and Lilium but the ovate to 
almost circular pit of some Fritillaria spe- 
cies is apparently restricted to this genus 
within the Tulipeae. 

Androecium. Papillose and glabrous 
filaments occur in Fritillaria, as we have 
seen, and both these characters occur also 
in Lilium but Nomocharis species have 
all smooth filaments. It is interesting to 


note that the North American lilies have 
glabrous filaments in agreement with the 
glabrous filaments of the North American 
fritillaries. 

Gynoecium. The style and stigma de- 
velopment is more variable in Fritillaria 
than in Lilium. The undivided stigma of 
some species of Fritillaria occurs in Lil- 
ium, the trifid stigma of other species re- 
appears in Notholirion. 

Capsules. Fruits with rounded or 
acutely ridged valves occur in Lilium as 
in Fritillaria. In a few species of Lilium 
and in Nomocharis there are narrow 
wings developed but, so far as material 
is available, it would seem that the more 
extremely winged condition is found only 
in some species of Fritillaria. 


CoNCLUSIONS 
Enough has, it is hoped, been selected 


from the mass of data already available to 
indicate the problems of reticulation with 
which the taxonomist is confronted. If 
one set of characters, say those of the 
bulbs, or of the leaves, or of the tepals, 
or of the style, or of the capsules, be se- 
lected as of primary value a fairly definite 
but “artificial” classification can be made. 
If all characters are oiiliz-d and given 
equal value a natural classification should, 
in theory, be obtained, but it is in many 
places indefinite in that it is blurred by 
mixed combinations of characters. Such 
reticulation still needs much further de- 
tailed study and one can only suggest that 
the following possibilities for any con- 
crete instance should be kept in mind: 


1. The occurrence of simple parallel 
mutations resulting in homologous varia- 
tion. 

2. The flow of genes through hybridiza- 
tion of populations and even of taxonomic . 
species. 

3. The restrictive effects of natural se- 
lection of environments. 

4. The restrictive effects of inheritance 
of genoms from an ancestral type a long 
way back. 

5. The limitation imposed by the me- 
chanics of structure. 
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INTRODUCTION 


Social bees (Apidae) belong to three 
tribes and five genera: Bombus (Bom- 
bint), Apis (Apini) and Trigona, Lestri- 
melitta and Melipona (Meliponini). 
These three tribes are phylogenetically 
related to one another possessing certain 
characters in common, and thus are united 
in the same subfamily (Apinae). Their 
morphological relationships were stud- 
ied by Michener (1944), who constructed 
from these studies, a phylogenetic tree, 
suggesting a common ancestor for the 
tribes of social bees. Recent work (Kerr, 
1946) has disclosed the existence of two 
very distinct methods of determination 
of castes (queens or functional females on 
one hand, and workers or females with 
under-developed ovaries on the other). 
It was known for some time that in the 
honeybee (Apis mellifera) a larva de- 
velops either into a worker or into a queen 
depending upon the food on which it is 
fed. The difference between a worker 
and a queen is, thus, phenotypic or tropho- 
genic. A situation similar in principle 
seems to obtain also in Bombus and in 
Trigona and Lestrimelitta. In Melipona, 
no difference is observed between the 
feeding of future queens and of future 
workers. Melipona queens are genetically 
different from Melipona workers, the 
former being heterozygous for two or 
for three (depending upon species) genes, 
homozygosis for any one of which makes 
a diploid individual a worker. Some con- 
sideration on the probable course of evo- 
lution of the caste-determining mecha- 
nisms are reported in the present article. 


Evo.ution 4: 7-13. March, 1950. 


EvoLUTIONARY RELATIONSHIPS AMONG 
THE SOCIAL BEES 


Paleontological evidence, as well as 
morphology and bionomy, indicate that 
the tribe Bombini is the most primitive 
among the three tribes of social bees. 
Six genera of Bombini: Protobombus, 
Electrapis, Chalcobombus, Sophrobombus, 
Ctenoplectrella, Glyptapis are known 
from Oligocene ( Baltic) amber (Wheeler, 
1928). No fossil Apimi are known, but 
the genera Electrapis and Protobombus 
are regarded morphologically intermedi- 
ate between Bombus and Apis. Three 
Miocene Meliponini are known: Meli- 
ponorytes succini, and M. sicula from 
Sicilian amber, and M. devictus from 
Burmese amber (Tosi 1896, Cockerell 
1921). 

The anatomical traits of the modern 
Apini and Meliponini may be derived 
from those of Bombini. Thus, Bombus 
has dorsal as well as ventral wax glands, 
and both females and males possess them. 
The Meliponini have only dorsal wax 
glands, and even these are present only 
in young workers and in drones. The 
Apini have only ventral wax glands, and 
these are restricted to the workers. 

Bombus has 3 to 6 egg-strings in the 
ovaries and an equal number of seminal 
tubes in the testes (Bordas, 1895). 
Apis has about 180 egg strings and semi- 
nal tubes, which represents a modification 
induced by strong selection for high fe- 
cundity. The Meliponini have 4 egg- 
strings and seminal tubes. Bombus and 
Apis have an accessory gland in the male 
reproductive system which is absent in 
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the Meliponini. The sting is well de- 
veloped in Bombus and Apis but it has 
suffered atrophy in the Meliponini. 

External morphology also suggests that 
the Bombini are close to the ancestral 
stock of social bees (Michener, 1944). 
Thus, Bombus has bare eyes and cleft 
claws; Apis has pilose eyes and cleft 
claws, and the Meliponini have bare eyes, 
simple claws in females, and cleft ones in 
males. 

Bombus stores honey and pollen in oval 
pots of cerumen (wax mixed with gum, 
resin, latex, etc.) and in old cocoons. 
Some European species, such as B. po- 
morum, keep pollen stocks in cylindrical 
tubes. Apis builds no pots and keeps 
honey and pollen in new or old wax cells. 
In the Meliponini honey and pollen are 
stored in cerumen pots but a group of 
Trigona species (such as T. silvestrit) 
uses for this purpose cylindrical tubes, 
like Bombus pomorum (Wheeler, 1928). 
The writer has observed two weak col- 
onies of Melipona marginata and Melipona 
schencki which were exceptional in that 
brood cells were used for honey storage, 
instead of pots, as is normal. This is a 
link between the food storage systems 
used by the Meliponini and the Apini. 
The ancestors of Apis may have stored 
food in pots, as the Bombini and Melipo- 
nint do now. 

The Apini and Meliponini have, how- 
ever, some traits suggesting a common ori- 
gin. Both have the same type of corbicula, 
no hind tibial spurs, and have well devel- 
oped jugal lobes in their hind wings and 
labrum three to four times as broad as long 
(Michener, 1944). Both construct indi- 
vidual cells for the progeny, special queen 
cells (in Apis, Trigona and Lestrimelitta), 
perennial colonies (instead of annual ones 
as in Bombus), and practice individual 
feeding of larvae. 


CASTE DETERMINATION IN THE BOMBINI 
AND APINI 


In Bombus, no queens develop in young 
colonies. The first larvae raised by the 
founding female receive little food and de- 


velop into diminutive workers. Only 
when a colony reaches the stage of hav- 
ing numerous workers, does the food 
given to the brood become more abundant, 
and some fertile females begin to appear. 

In Apis dorscta, the most primitive 
A pis species, drones and workers develop 
in similar cells (Singh, 1943). The do- 
mestic bee, Apis mellifera, raises workers 
in small and drones in larger hexagonal 
cells, while queens develop in peanut- 
shaped cells placed preferentially at the 
bottom of the comb. Larvae of queens are 
fed on a so-called “royal jelly,” while 
worker and drone larvae receive pollen 
and honey from the third day of their 
life on (Snodgrass 1925). The well- 
known evidence of phenotypic caste deter- 
mination in Apis mellifera is that when 
eggs originally placed by the bees in 
worker cells are transferred to queen 
cells, the larvae arising from these eggs 
develop into queens. 


CAstE DETERMINATION IN THE 
MELIPONINI 


In the Meliponini larvae are raised in 
individual cells, as in Apis. Each cell is 
filled with honey, pollen and a glandular 
secretion. In most species, as soon as 
the queen lays an egg in a cell, the latter 
is sealed, to be opened again only by the 
emerging imago. In some species (such 
as Trigona carbonaria, Rayment 1932, 
1935) the cells are however kept open 
for several days, new food being added 
even after the hatching of a larva. In 
either case, feeding is “progressive,” 1.e., 
a young larva eats first the glandular se- 
cretion, then the honey, and lastly pol- 
len. The system of larval feeding used 
by Trigona carbonaria resembles, there- 
fore, that practiced for queen larvae of 
Apis mellifera (Kerr, 1948). : 

Trigona and Lestrimelitta have two 
kinds of cells: small ones for workers 
and drones and large ones for queens. 
The queen cells may be twice, or even 
more than twice, as large as the worker 
ones, according to species. This writer 
has established by statistical tests that 
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queen cells are placed mostly at the mar- 
gins of horizontal combs. Although one 
can not be absolutely certain about this, 
all the available evidence indicates that the 
food placed in queen and in worker cells 
seems to differ only in quantity. 

There can not be any doubt that caste 
determination in Melipona is not tro- 
phogenic, but genotypic. The evidence, 
given in more detail elsewhere (Kerr, 
1946, 1948, 1950), can be summarized as 
follows : 

a) There are no differences in the 
quantity of food provided for the larva, 
as can be concluded from the following 
facts: all cells are of the same size and 
contain the same amount of food, with 
an average weight of 148 mg. per cell. 
The food absorbed by both queen and 
worker larvae is the same, as shown by 
the identity of the mean weight of young 
queen and worker pupae. The only statis- 
tical difference noticeable is the higher 
variability of worker pupae, as measured 
by the standard error. 

b) It seems impossible to assume that 
there exist any differences in quality of 
food, since queens’ cells are distributed 
at random in the horizontal combs and are 
found in normal hives in fixed ratios. 

c) Under unfavorable conditions, or in 
diseased hives there is a considerable re- 
duction in the frequency of emerging 
queens, to one fourth or less of the ex- 
pected ratio, which needs a special ex- 
planation. No elimination of eggs, larvae 
or pupae occurs, with individuals emerg- 
ing from every one of the closed cells. 
There are no intermediates and queens 
are always of normal appearance and 
quite distinct from workers as verified in 
more than 50,000 individuals studied to 
date. If one wanted to refer to some 
trophogenic hypothesis to explain this 
situation, one would have to make the 
rather improbable assumptions: 1) that 
workers provide or omit completely a cer- 
tain foodstuff necessary for queen forma- 
tion, 2) that they deposit this stuff com- 
pletely at random, 3) that they apply it 
to less and less cells under unfavorable 


conditions, never exceeding however a 
fixed maximum under favorable ones. 
This maximum is about 25 per cent in 
one species and about 12.5 per cent in 
seven other species. 

There can be little doubt that the proc- 
ess which reduces the number of queens 
is a general cytogenetical phenomenon 
since it is not limited to the ratios of 
queens to workers but also applies to the 
segregation of the monofactorial differ- 
ence: black against yellow first abdomi- 
nal segments. 

d) Thus, limiting the discussion to 
normal hives it was found that in Meli- 
pona marginaia and its subspecies work- 
ers are about three times as numerous as 
queens (ratio 3:1). In other species so 
far studied in this respect, namely Meli- 
pona quadrifasciata, Melipona schencki, 
Melipona favosa orbignyt, Melipona inter- 
rupta fasciculata, Melipona rufiventris 
paraensis, Melipona flavipennis, and Meli- 
pona fuscata melanoventer, workers are 
seven times more numerous than queens 
(ratio 7:1). 

The occurrence of the 3:1 ratio sug- 
gests that the queens are heterozygous for 
two pairs of genes (AaBb), homozygosis 
for either or both of which makes a female 
a worker (thus, workers are AABb, 
AaBB, aabb, aaBb, AABB, etc.) and 
males are AB, Ab, aB, or ab). In species 
from which the 7: 1 ratio is characteristic, 
the queens are heterozygous for three 
pairs of genes (AaBbCc), while workers 
are homozygous for one, two, or three 
of these genes (AaBBCC, AaBbCC, 
AABBCC, etc.). It is easy to show that, 
with such a system, any mating of a 
queen with a haploid male (drone) re- 
sults in production of a single genetic 
type of queens, several genetic types of 
workers, and several types of males 
(Kerr, 1946, 1950). 


THE ORIGIN OF THE GENOTYPIC MECH- 
ANISM OF CASTE DETERMINATION 


The phenotypic, or trophogenic, caste 
determination is presumed to be phylo- 
genetically more ancient than the geno- 
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typic caste determination mechanism. The 
antiquity of the trophogenic mechanism is 
indicated by its occurrence in the genus 
Bombus, which, as shown above, must 
be regarded as primitive for a variety of 
reasons. Furthermore, this mechanism 
occurs in all three tribes of social bees, 
while the genotypic one exists only in a 
part of the tribe Meliponini. 

The ancestors of Melipona probably 
had their castes determined trophogeni- 
cally, as is the case at present in Trigona 
and Lestrimelitta. In such an ancestor, 
with a genetic constitution AABBCCDD 

. » a mutation took place from A to a, 
the heterozygote Aa being heterotic, thus 
possessing a higher adaptive value than 
the original genotype. Assuming that the 
drone which fertilized this Aa queen was 
A, AA and Aa queens and AA and Aa 
workers would be produced, depending 
upon the feeding of the larvae. The 
heterosis might, however, make Aa work- 
ers fertile, and not sterile as their AA 
sisters. The heterosis of the Aa gene 
combination would, then, lead to increase 
of the frequency of the new allele a in 
the population, up to the point when the 
disadvantages of homozygosis for A( AA ) 
would be counterbalanced by the disad- 
vantages of homozygosis for a (aa). 
Modern genetics demonstrates many sit- 
uations in which both homozygotes for a 
gene or a chromosome structure have 
adaptative values inferior to the corre- 
sponding heterozygote (Wright and 
Dobzhansky, 1946). 

A new mutation, B to b, has then hap- 
pened at another locus, having the same 
heterotic properties as the A locus, fe- 
males Bb will, then, have an advantage 
over BB and bb. Heterozygosis for both 
genes, AaBb, might confer so great an 
increase of vigor on the double heterozy- 
gote that the latter might develop into a 
queen regardless of kind and quantity of 
food which it received in the larval stage. 
This would make the trophogenic mecha- 
nism superfluous, and all the homozy- 
gotes would develop automatically into 
workers. Owing to the existence of 


fertile heterozygous females in every col- 
ony, mutations that cause loss of the in- 
stincts connected with the construction of 
distinct royal and worker cells would now 
be tolerated instead of being eliminated 
by natural selection, as would occur in a 
species with trophogenic caste determina- 
tion. Melipona marginata and its sub- 
species may be regarded as representing 
the most primitive now existent type of 
genotypic caste determination among bees. 

The transition from the _bifactorial 
(AaBb) to the trifactorial (AaBbCc) 
type of caste determination could occur 
by addition of a third mutation, C to c, 
with heterotic properties. The triple het- 
erozygotes, having selective advantages 
thus became established as the exclusive 
genotype in queens, while the AaBbCC 
and AaBbcc type became a worker. With 
a trifactorial mechanism a decrease in the 
proportion of queens in colonies would 
occur (1:7 instead of 1:3 ratio). In- 
deed, with the bifactorial mechanism the 
queens constitute 25 per cent of all di- 
ploid females, while with the trifactorial 
one only 12.5 per cent of the females are 
queens, the remaining 87.5 per cent being 
workers. This may have an important 
adaptative advantage. Most virgin queens 
appearing in a Melipona colony are killed 
off by the workers within 15 days after 
emergence (Kerr, 1950). This means 
that with the bifactorial mechanism, twice 
as many queens will be eliminated as 
with the trifactorial mechanism. The 
lesser “cost” of the trifactorial, compared 
to the bifactorial mechanism may explain 
why a majority of species of Melipona 
studied in this respect have the former, 
and only one species, M. marginata, still 
preserves the latter type of mechanism. 
The genes involved in bifactorial as well 
as in the trifactorial mechanism have a 
sex-limited action. Males, despite being 
homogametic, remain fertile. The abun- 
dance of genes with sex-limited effects in 
Hymenoptera is quite understandable. As 
expressed by White (1945, pp. 279): 
“Recessive mutants that are sex-limited 
in their expression so that they produce 
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no effect in the male, will be in special 
position in organisms with male haploidy. 
Such mutations may exist in wild popu- 
lations for a long while, even though 
deleterious, since in the males they will 
not affect the phenotype. This may pos- 
sibly explain why in the social H ymenop- 
tera the males are all of one type while 
the females are differentiated into several 
castes. We are not suggesting here that 
the various female castes are genotypically 
different—merely that a large number of 
mutants whose effects are limited to the 
female sex may have accumulated in the 
species, gradually building up a genotype 
that is very plastic in the female sex 
(producing several entirely different 
phenotypes according to the environment 
and nutrition of the larvae).” 

Genotypic mechanisms of caste deter- 
mination have, however, certain adaptive 
disadvantages. The reproductive wastage 
involved in killing off a part of the queens 
emerging in the colony has already been 
mentioned. Anyway, a rigid mechanism 
which produces a fixed proportion of 
queens and workers may be less desirable 
than a mechanism which allows a greater 
plasticity in this respect. It appears that, 
superimposed on the genotypic caste de- 
termination, the genus Melipona has 
evolved another mechanism which permits 
variation in the proportion of queens to 
workers among the developing larvae. 
During winter, or in colonies with few 
nurse bees, or in hives infected with para- 
sites or diseases, the percentages of queens 
among the hatching brood may be very 
small or even zero. The precise nature 
of this additional mechanism has not been 
completely clarified. We have mentioned 
in a general way the reasons why we do 
not think that any phenotypic or tropho- 
genic mechanism can be _ responsible. 
Thus we have arrived by exclusion of 
other possibilities to the following hy- 
pothesis which fits all data so far on 
hand. If there were a parthenogenetical 
development of eggs with a following 
fusion of two nuclei of identical consti- 
tution, either derived from an equational 


meiotic division or from an early cleavage 
division, we would obtain diploid homo- 
zygous individuals. In accordance with 
our theory of caste determination, these 


must be all workers. A somewhat analo-_ 


gous reduction is known in the fish Lebis- 
tes reticulatus in which Winge (1934) 
found the sex-ratio to vary greatly with 
season. In spring a normal sex-ratio of 
19:1 is produced, while at other times 
most of the young are females. 


DISCUSSION 


According to the hypothesis presented 
above, the transition from the tropho- 
genic to the genotypic mechanism of caste 
determination entails production of muta- 
tions (A to a, B to b, C to c) with hete- 
rotic effects in heterozygotes (Aa, Bb, 
Cc) and deleterious ones in homozygotes 
(AA, aa, BB, bb, CC, cc). Such het- 
erotic effects are indeed possible in or- 
ganisms with the haplo-diploid sex- deter- 
mination, characteristic for Hymenoptera. 
Mackensen (in Farrar, 1943-1947, and 
Farrar, 1948) obtained offspring from 
honeybee queens fertilized by their own 
sons. Such an inbreeding process results 
in a rapid loss of vigor of the colony and, 
particularly, in a loss of ability of the eggs 
to hatch. Intercrossing of inbred lines 
gives, on the contrary, a pronounced hy- 
brid vigor. Some double-hybrid colonies 
were highly productive, but their worker 
bees were “intolerably vicious.” This lat- 
ter quality may perhaps be regarded as 
an additional manifestation of heterosis. 
The genetic mechanism involved in pro- 
duction of heterosis evidently must in- 
volve genes that are advantageous when 
heterozygous in diploid individuals (Aa 
superior to both AA and aa) but which 
do not affect adversely the haploid indi- 
viduals, A and a. Both, increase and 
loss of vigor in Apis have not yet been 
studied genetically, but it seems to be of 
the same nature as this phenomenon in 
maize. In this species recent studies by 
Crow (1948) and Brieger (1948, 1949) 
have shown that the heterotic mechanism 
can be attributed only to a small extent 
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to the combination of dominant factors, 
being mainly due to the interaction of 
heterotic genes in the heterozygous con- 
ditions. Our Mendelian formula applies 
the same genetical principle of a heterotic 
gene interaction for caste determination. 
Individuals completely heterozygous are 
fully fertile (queens), while partially or 
fully homozygous individuals are sterile 
(workers). 

The type of sex-determination discov- 
ered by Whiting (1940) in Habrobracon 
juglandis may be regarded as involving 
a special type of heterosis. Here, a di- 
ploid individual must, in order to be a 
female, be heterozygous for different al- 
leles (or chromosome sections). Homo- 
zygosis for either allele gives a poorly 
viable diploid male, but the haploid males 
carrying either allele are fully vigorous. 
In Melipona, the heterosis is exploited 
for purposes of caste rather than sex- 
determination. And furthermore, since 
the caste-determining genes (A, B, C) 
are localized in different chromosomes, 
any queen is automatically heterozygous 
for three chromosome segments, in which 
further heterotic genes may accumulate. 
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SUMMARY 


Two types of mechanism of caste deter- 
mination exist in social bees. In the 
tribes Bombini, Apini, and in a part of 
the Meliponini (genera Trigona and Les- 
trimelitta), a diploid individual develops 
into a fertile female (queen) or into ster- 
ile female (worker) depending upon the 
quality and quantity of food which it re- 
ceives in the larval stage. This is the 
phenotypic, or trophogenic, caste deter- 
mination. But in the genus Melipona, 


the caste determination is genotypic. 
Queens are heterozygous for two (Meli- 
pona marginata) or three (all other spe- 


cies of Melipona so far studied) genes, 
each of which, when homozygous, makes 
the individual a worker. 

Among the social bees, the trophogenic 
mechanism of caste-determination is phy- 
logenetically primitive and the genotypic 
mechanism secondary. The former mech- 
anism exists in every one of the three 
tribes of social bees, and is the only one 
in the tribe Bombini, which must be re- 
garded as primitive on several grounds. 
The genotypic mechanism is known only 
in the specialized genus Melipona. 

The emergence of the genotypic mecha- 
nism in the ancestors of Melipona which 
are presumed to have had their castes 
determined phenotypically, is visualized 
as a succession of mutations in genes with 
sex-limited heterotic effects. The transi- 
tion from the genotypic mechanism in- 
volving two genes to one involving three 
genes had an adaptative advantage be- 
cause of the decrease of the proportion of 
the obligatorily produced queens. An 
additional mechanism, which permits var- 
iations in the proportions of queens born 
in a colony at different seasons, has be- 
come superimposed on the genotypic caste 
determination in Melipona. 
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INTRODUCTION 


Populations of Drosophila pseudoob- 
scura and D. persimilis throughout their 
respective distribution areas in western 
North America exhibit a very extensive 
and intricate pattern of gradients, or 
clines, in relative frequencies of the gene 
arrangements of the third chromosome 
(Dobzhansky and Epling, 1944). These 
gradients may be very gradual over a 
wide area from north to south or west to 
east, or they may be rather steep in slope 
across an altitudinal transect of relatively 
short distance in a mountain range ( Dobz- 
hansky, 1948a). 

Within certain populations of D. pseu- 
doobscura temporal fluctuations of less 
amplitude than the more extensive geo- 
graphic differences have been observed 
(Dobzhansky, 1943, 1947a) while in 
some other populations of the same spe- 
cies long term trends were found (Dobz- 
hansky, 1947b). It was by studying the 
behavior of these chromosomal types in 
artificial populations (Dobzhansky, 1947a, 
Wright and Dobzhansky, 1946) and later 
by statistical analysis of wild populations 
(Dobzhansky and Levene, 1948) that 
these gene arrangements were proved to 
have selective values and were shown to 
be maintained at the observed frequencies 
by natural selection under both wild and 
artificial conditions. This information to- 
gether with evidence of physiological dif- 
ferences between carriers of each arrange- 
ment (Heuts, 1947b, 1948) leaves no 
doubt as to the importance of variation 


1 The present paper is a revision of a thesis 
submitted to the Department of Biology of 
Harvard University in partial fulfillment of the 
requirements for the degree of Doctor of Philos- 
ophy, June, 1949. 
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in gene arrangement.in the process of 
Drosophila species’ adaptation. 

However, no well-established seasonal 
cycles or long term changes have been 
observed as yet in any population of D. 
persimilis. It is of interest, therefore, to 
test the gene arrangements of this species 
and to compare its adaptive chromosomal 
mechanisms with those of its very close 
relative, D. pseudoobscura. 

The summaries of literature on clines 
by Mayr (1942) and by Huxley (1943) 
indicate the vast amount of observation 
which has been made through morpho- 
logical taxonomic studies of polymorphic 
species; but the number of such investi- 
gations which have dealt with the genetic 
aspects of the cline are disappointingly 
small. It may be of interest to list a 
few of the more recent works pertinent 
to this report: 

(1) Perhaps the most thorough of re- 
cent studies concerned with the genetic 
differences between local populations from 
continuously inhabited areas is that of 
Clausen, Keck, and Hiesey (1940, 1948) 
for various plant species in western 
United States. 

(2) Dubinin and Tiniakow (1947) 
discovered an interesting gradient in 
inversion frequencies of D. funebris 
throughout European Russia. No stud- 
ies were made on gene contents of these 
inversions from different localities (Du- 
binin and Tiniakow, 1946a, b). : 

(3) Reed, Williams, and Chadwick 
(1942) studied wing-beat frequency and 
several thoracic and wing dimensions in 
various species of Drosophila. Attention 
should be called to the gradients of wing- 
beat frequency among the related species: 
D. pseudoobscura, D. persimilis, and D. 
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miranda. Reed and Reed (1948) inves- 
tigated further the morphological differ- 
ences between D. pseudoobscura and D. 
persimilis. Not only were some interest- 
ing gradients established but it was 
pointed out that strains from each locality 
were often statistically distinctive. 

(4) Carson and Stalker (1947a) de- 
scribed nineteen different gene arrange- 
ments in D. robusta of which fifteen are 
widespread and distributed in striking 
gradients from north to south and west 
to east. Later these authors (1947b) 
gave an extensive analysis of morpho- 
logical clines of various dimensions: 
length of thorax, width of head, length of 
fore-femur, and length of wing. They 
pointed out the parallel between these 
cytological and morphological gradients. 

Later a very intensive study of mor- 
phological and cytological gradients in 
D. robusta was made on an altitudinal 
transect in the Appalachians of Tennessee 
(Stalker and Carson, 1948). This inves- 
tigation revealed two important facts per- 
tinent to this discussion: (a) Some of 
these gradients paralleled their more ex- 
tensive north-south counterparts, but 
there were some notable inconsistencies 
between the altitudinal and geographical 
clines. (b) More pronounced changes in 
frequency of certain inversions took place 
above 2,000 and below 1,400 feet; in ad- 
dition, the greatest morphological changes 
were found in that very area between 
2,000 and 1,400 feet. The authors con- 
cluded that this partial discontinuity was 
evidence of the “northernness” of the up- 
per population and the “southernness” of 
the lower. Both this evidence of discon- 
tinuity within an apparently continuous 
cline and the problem of discrepancy be- 
tween the geographical and altitudinal in- 
version gradients will be discussed later 
at some length in this report. It should 


be stressed here, however, that the words 
“northernness” and “southernness” are 
ambiguous and refer only to parallel 
morphology and not to any basic simi- 
larity between the gene contents of any 
inversion from high altitude and northern 


United States, for example. Such proba- 
bilities or improbabilities are to be dis- 
cussed after the experimental evidence 
from D. persimilis has been considered. 


THE PROBLEM 


Geographic and Altitudinal Gradients in 
Relative Frequency of Gene Ar- 
rangements of Drosophila persimilis 


The present study is concerned with 
an altitudinal gradient in the relative fre- 
quency of four gene arrangements in the 
third chromosome of Drosophila persimi- 
lis along an east-west transect on the 
western slope of the Sierra Nevada of 
California first described by Dobzhansky 
(1948a). The purpose is to investigate 
the nature of this gradient through an 
analysis of laboratory populations which 
are composed of flies descended from wild 
parents collected at opposite ends of the 
altitudinal transect. 

D. persimilis has been collected from 
British Columbia to Santa Barbara 
County, California, and from the Pacific 
eastward to the Cascades and Sierra 
Nevada. Within this area it is most 
common in the cooler and more humid 
habitats, especially the coast north of San 
Francisco and the western slopes of the 
mountain ranges where it is characteris- 
tically an inhabitant of forests at higher 
elevations. 

Of the ten known gene arrangements 
of the third chromosome in this species, 
four are well established throughout most 
of the distribution area. Of the remain- 
ing six, three are scattered at low per- 
centages in a few localities, one (Mather) 
was recently described by Dobzhansky 
(1948a), and two are described in this 
report for the first time. The standard 
map of the third chromosome and de- 
scriptions of most of the known inver- 
sions were given by Dobzhansky and 
Sturtevant (1938); later revisions and 
additions to the data were given by 
Dobzhansky and Epling (1944). 

The standard arrangement (ST) has 
four times given rise to different inver- 


— 


sions in D. persimilis by one change in 
the sequence ; of these the Klamath (KL) 
(one fifth total length of the chromosome ) 
and the Mendocino (MD) (one third 
length of chromosome) arrangements are 
common; but the Whitney (WT) (one 
fourth length of chromosome) arrange- 
ment, a single step derivative of Klamath, 
is by all means the dominating inversion 
in the area of the altitudinal transect un- 
der consideration. KL is the most widely 
distributed of the four. It is common in 
British Columbia and the Coastal and 
Cascade Ranges of Washington where 
populations often reach nearly 100 per 
cent KL. As one goes southward on the 
coast MD becomes increasingly common 
until it reaches a maximum frequency of 
69.6 per cent at Cape Mendocino, Cali- 
fornia; also MD forms a gradient from 
the Pacific coast eastward. In the south- 
ern Cascades and northern Sierra Ne- 
vada KL falls sharply, and WT becomes 
more prominent; finally in the Mt. Whit- 
ney region WT reaches a maximum of 
90 per cent frequency. ST is a more or 
less filler-in arrangement; it is never the 
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most frequent even where it attains its 
maximum frequency of 33 per cent in 
Sequoia Park, California. 

Dobzhansky (1948a) has not been able 
to find any positive evidence for cyclic 
seasonal changes in relative frequencies 
of these inversions in any locality which 
would be comparable to the changes found 
in D. pseudoobscura (Dobzhansky, 1943, 
1947a, 1947b; Wright and Dobzhansky, 
1946). In many cases, however, his indi- 
vidual samples of D. persimilis are not 
large enough to treat statistically; and it 
may very well be that in the future some 
seasonal cycles in this species will be 
found, especially at lower elevations where 
the breeding season is comparatively long. 
Because it has been shown that these sea- 
sonal cycles are maintained by natural 
selection (Dobzhansky and Levene, 1948) 
the question arises as to whether altitu- 
dinal gradients in relative frequencies of 
inversions are also maintained by natural 
selection, and if so, whether the gene ar- 
rangements manifest differences in adap- 
tive values under laboratory conditions. 

Descriptions of collecting areas and 


TABLE 1. West-east transect collections of D. persimilis showing relative frequencies of gene 
arrangements in per cent for seasons from 1946 to 1948 (data from Dobshansky 1948) 


1946 


1947 1948 (February) 


Locality 


Sample} wrt | st | KL Mp |Sample| wr ST KL | Mp |Sample| wr st | KL| MD 


Upper Sonoran Life 
Zone 
Jacksonville 850’ 2 |100 | 0 | 0/0 


Transition Life 
Zone 
Lost Claim 3,000’} 30 | 63.4/ 3.3)23.3) 10.0 
Mather 4,600’ 128 | 77.0)11.0;10.0; 2.0 
Aspen 6,200’ 108 | 68.5) 11.1) 14.8) 5.6 
Pate 4,200’ 


Canadian Life Zone 
Porcupine 8,000’ | 82 
Benson 8,000’ 0 
Tuolumne 8,600’ | 80 


Hudsonian Life 


Zone 
Timberline 9,900’) 30 | 93.3) 0.0) 3.3) 3.3 
Lyell Base 10,500’ 0 


120 |85.8) 9.2) 2.5) 2.5 
110 |88.2) 9.1) 0.0 
274 (90.5) 4.0) 1.8) 3.7 


58 | 58.5) 10.3) 12.1)19.1) 172 | 56.4) 9.3 | 23.3) 11.1 


rf 


a 

| | 

142 |81.7|12.0| 4.2) 2.1 
Ss 432 |79.9| 8.3| 6.9| 4.9 

262 |81.4| 9.2| 5.4) 4.0 | 
60 |76.4/13.4| 5.0} 5.0 
a | —|—|— |_| 

92.5) 5.0| 2.5) 0.0 

58 |87.9| 8.6] 3.4) 0.0 
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Fic. 1. Graph of the relative frequencies of the gene arrangements in D. persimilis accord- 
ing to the 1947 collecting data (Dobzhansky, 1948a). The localities are arranged according 
to their sequence with increasing elevation from left to right (see table 1) and are grouped 
into Life Zones: Upper Sonoran (U. S. L. Z.), Transition (T. L. Z.), Camadian (C. L. Z.), 
and Hudsonian (H. L. Z.). The four inversions shown for each locality are MD, KL, ST, 
and WT as indicated with arrows under Jacksonville. 


data for the gradient are given by Dobz- 
hansky (1948a); however, for the sake 
of convenience and for additional discus- 
sion the data have been reorganized in 
table 1 so that 1946 and 1947 data could 
be treated separately. Figure 1 shows a 
graph of the 1947 collecting data alone 
since these data are the most extensive 
samples from the area. 

Four important points relevant to this 
report are to be noted: (1) increase in 
WT with increase in altitude; (2) de- 
crease of KL and MD with increase in 
altitude; (3) slight decrease, or relative 
stability, of ST (it is also interesting to 
note that ST is the least prominent of the 
four well-established inversions through- 
out the distribution area); and (4) a 
slight discontinuity evident on the fringes 
of the life zones (see fig. 1); that is, 
there is relative homogeneity within life 
zones but a slight sudden change between 
populations on the edges of the life zones, 


a fact which will be treated further in 
the discussion. 


The Population Cage Approach 

Experimental populations in cages have 
been used by Dobzhansky (1947a) to 
demonstrate “the postulated high selec- 
tive advantages or disadvantages of the 
carriers of different gene arrangements in 
different environments.” These selective 
advantages or disadvantages are presum- 
ably acquired by local populations in the 
process of evolution over many genera- 
tions; and while it is obvious that the 
environment prevailing in artificial lab- 
oratory populations will by no means be 
identical with that in natural habitats, 
still many questions regarding the com- 
parative behavior and consequently the 
relative selective values of the different 
gene arrangements can be answered with 
some accuracy. 

The population cages in the present 
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study were designed to answer the fol- 
lowing questions : 

(1) Does the same gene arrangement 
from two strikingly different habitats 
(Tuolumne and Jacksonville) behave in 
the same way under laboratory condi- 
tions? In other words, are the adaptive 
properties of an arrangement uniform 
throughout this area? The answer to 
this question is important for understand- 
ing whether the observed gradient in rela- 
tive frequencies results merely from the 
selective action of the ecological gradient 
upon the same gene contents in each lo- 
cality or whether the gene contents of 
each arrangement are molded more or 
less independently in each locality, as 
postulated by Mayr (1945). 

(2) Can any indication of mechanisms 
involved in maintaining this altitudinal 
gradient be determined by exposing popu- 
lation cages to different temperatures? 
Can it be said that the difference in pat- 
tern of frequencies at the two localities is 
determined in any way by the difference 
in the average temperature of the two 
localities ? 


Materials and Techniques 


The flies for the Tuolumne cages were 
collected in August, 1947, at Tuolumne 
Meadows (el. 8,600’) and at Aspen Val- 
ley (el. 6,200’). These localities are 
about twenty miles apart; the Tuolumne 
collecting area is a forest near Fairview 
Dome of Yosemite National Park in the 
Canadian Life Zone; Aspen is a luxuriant 
forest in the upper Transition Life Zone 
near the Aspen Valley Ranger Station. 
Tuolumne is twenty-five miles east of 
Mather, California, while Aspen is about 
six miles southeast of Mather. (For 
annual temperature and precipitation data 
of this region see appendix. ) 

The flies for the Jacksonville cages were 
collected by Carl Epling in February, 
1948, at Jacksonville (el. 836’) about 
twenty-five miles west of Aspen in an 
oak-pine grove of the Upper Sonoran 
Life Zone. At Jacksonville both D. pseu- 
doobscura and D. persimilis are found, 
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but the former is much the more common 
in summer while the reverse is true in 
the winter. The breeding season here 
extends throughout the year. At Mather, 
about half-way up the transect (el. 4,600’) 
both species are about equally common in 
summer. Mather lies in the Transition 
Life Zone, and the breeding season lasts 
from April to October. In the Upper 
Transition (Aspen) and Canadian (Tuo- 
lumne) Life Zones D. persimilis is by far 
the more common. The breeding season, 
however, is very short, only from June 
to September. This period allows for 
only two to four generations per season. 

The population cage used in this study 
was fundamentally the same as the origi- 
nal L’Heritier-Teissier box for Droso- 
phila populations modified further by 
Dobzhansky (1946, 1947). There is no 
need to describe this population cage in 
any detail, but it should suffice to point 
out that the important feature of the cage 
lies in the fact that a continuous popula- 
tion can be sustained by adding new food 
medium and removing worked out food 
cups at definite intervals. The cages 
were kept in constant temperature rooms 
at 25 + 0.5° C. and 16 + 0.5° C. 

Each food cup was kept moist by daily 
adding of yeast suspension until larvae 
approached maturity, at which time the 
cup was allowed to go dry while pupae 
were forming and thereafter. Cold room 
(16° ) populations were far more crowded, 
and at an early date it was decided to 
insert rolled up strips of paper towelling 
into the cups of all cold room cages. 
This practice prevented drowning of 
adults in the food to a large extent as 
well as giving an excellent support for 
pupae. The population in cage no. 1 at 
16° where paper towelling was first used 
about doubled from approximately twenty- 
five hundred to five thousand flies in one 
generation. 

The technique of sampling used was 
that described by Wright and Dobzhan- 
sky (1946). Samples of eggs were taken 
each generation (every twenty-five days 
at 25° and forty days at 16°). Each 
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sample consisted of six subsamples taken 
in daily succession: a portion of food cov- 
ered with eggs was cut out and placed in 
a culture bottle; larvae were matured at 
25° C.; salivary glands were dissected 
and stained with acetoorcein from twenty- 
five larvae in each subsample, or a total 
of 150 larvae (300 chromosomes) for the 
entire sample. 

For cages No. 1—No. 3 and No. 9 the 
initial population of flies was obtained by 
single pair matings within each strain. 
After four or five days a control, or check, 
count was made to determine more accu- 
rately the initial frequency of inversions. 
However, for cages No. 4-No. 8 stocks 
were maintained and checked by single 
pair matings for at least two generations 
before the cage was started. In these 
cases mass matings of stocks were usually 
made to obtain large initial numbers, but 
the constitution of the population was 
accurately known only after the control 
count had been made. 

While it was important to have as 
many different strains as possible in one 
cage to provide for genetic heterogeneity 
but cytological homogeneity, unfortunately 
not very many strains of certain arrange- 
ments were available. This was the case 
with Tuolumne KL especially, and con- 
sequently cage No. 9 is to be considered 
only as it may illustrate principles de- 
rived from the other cages and not as an 
accurate measure of reaction for the par- 


ticular arrangement from that locality. 
It should be noted that with only three 
strains of any arrangement opposed by 
three strains of another arrangement in 
any cage (a minimum of six different 
chromosomes involved) the total different 
zygotes possible would be fifteen; while 
with four strains of each chromosome the 
number of zygotic combinations possible 
would be twenty-eight, nearly twice as 
great. The number of strains involved 
in each cage, initial frequencies, and other 
pertinent initial cage data are given in 
table 2. (Relative humidity data for each 
month are given in the appendix. Zy- 
gotic data have not been included be- 
cause of their excessive bulk.) Each 
cage contained WT chromosomes in com- 
petition with one other arrangement from 
the same locality. 


Tue PopuLaTION CAGE OBSERVATIONS 
Tuolumne Cages 


Population cage No. 1 containing WT 
and MD chromosomes from Tuolumne 
and Aspen was placed first in the 25° 
constant temperature room for two gen- 
erations in order to ascertain any changes 
in relative frequency. At the end of the 
two generation period no_ significant 
change in frequency had taken place. 
The results of this cage are given in table 
3. There was a possibility, however, that 
the relative frequencies of the gene ar- 


TABLE 2. Initial data in the experimental populations 


Number of strains 
Initial 
on, Origin of chromosomes Date started Temperature number 
fies | wr | KL | MD| sT 
1 | Tuolumne and Aspen} Mar. 13, 1948 Both 25° and 16°| 520| 4 | —| 4 — 
2 | Tuolumne and Aspen} Apr. 20, 1948 Both 25° and 16°| 500| 4 | —j|-— | 4 
3 | Jacksonville May 18, 1948 Both 25° and 16°| 6 
4 | Jacksonville Aug. 25, 1948 Both 25° and 16°| 736) 8 —|— 5 
5 | Jacksonville Sept. 8, 1948 (discont.) 
repeated Dec. 10, Both 25° and 16°| 1052 | 8 4 —_i— 
1948 
6 | Jacksonville Aug. 30, 1948 Both 25° and 16°} 728); 6 |—}|}4)]— 
7 | Jacksonville Nov. 16, 1948 25° only 41;3);—;3i{1-— 
8 | Jacksonville Nov. 17, 1948 25° only 632; 5 |—]-—]| § 
9 | Tuolumne Dec. 20, 1948 Both 25° and 16°; 870| 3 3i-—-|-— 
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TABLE 3. Relative frequencies of gene 
arrangements in cage No. 1 


(Tuolumne and Aspen) 
Chromo- 
Temp. Date % WT | % MD! somes 
examined 
25° C. 
Mar. 13, 1948 
Initial 41.6 58.4 
Control 41.1 58.9 304 
Apr. 13 41.5 58.5 304 
May 14 40.3 | 59.7 298 
Transferred to 16° on May 27 
16° C. 
June 18 49.0 51.0 302 
Sept. 8 58.3 41.7 290 
Oct. 21 58.0 | 42.0 300 
Dec. 10 56.0 | 44.0 300 
Transferred to 25° on Dec. 30 
25° C. 


Jan. 26, 1949 | 58.0 | 42.0 300 
Feb. 20 58.8 | 41.2 250 


x? (zygotic data at 25°) = 0.87, d.f. = 4, 
p. = 0.92. 

x? (zygotic data at 16°) = 28.98, d.f. = 6, 
p. < 0.01. 


rangements in the initial population might 
have been by chance the equilibrium fre- 
quency which would be maintained by 
selection. Also it was desirable to know 
whether this same condition of no change 
continued at cooler temperature. 

In order to answer these questions 
cage No. 1 was transferred to 16° C. 
Immediately a significant change in fre- 
quency took place: WT increased nearly 
20 per cent with consequent drop in MD 
over a period of three generations, and 
an equilibrium was reached at approxi- 
mately 58 per cent WT and 42 per cent 
MD. This cage was left at 16° for two 
additional generations as a check on the 
stability of the recorded proportions. 
The changes were highly significant. The 
cage was then transferred back to the 
25° room. 

If selection had been acting to main- 
tain an equilibrium of 40 per cent WT — 


60 per cent MD at 25°, then transferring 
the cage back to 25° would result in a 
return to that equilibrium from the con- 
dition observed at 16°. However, after 
two generations at 25° no evidence of 
change appeared. Such a result confirms 
the original assumption that the lack of 
change at 25° is due to absence of any 
significant selection pressure. (It is as- 
sumed that genetic drift is not effective 
enough to bring about any significant 
changes in inversion frequencies since the 
size of the population is constantly more 
than 1,500 individuals. ) 

It will be of interest at this point to 
discuss the relative adaptive values of 
the gene arrangements at 16° for com- 
parison with later data. Sewall Wright 
(Wright and Dobzhansky, 1946) has 
given a general method for calculation of 
selective values of the three zygotic classes 
in a population containing two different 
gene arrangements (or alleles) in the 
same chromosome. This method, itera- 
tion by least squares,* was used by Dobz- 
hansky to calculate the relative values of 
various gene arrangements in experimen- 
tal populations of D. pseudoobscura 
(1947d and 1948b). The results of these 


* If the survival rates of WT/WT, WT/MD, 
and MD/MD are termed Wi, We, and W;, the 
proportions of the different genotypes following 
the stage of selective elimination would be as 
follows: 

WT/WT = 
WT/MD = 2q(1 — 
MD/MD = (1 — 


However, because the expression for Ag in terms 
of q (frequency) is not linear with respect to the 


-selection coefficients, the solution of the formula 


given by Wright must be determined by iteration. 
For each zygotic class the selective coefficients 
are symbolized as follows (same as Wright): 


W = the adaptive value. 
s = the selective disadvantage of wrwr 


(= 1— W). 
t = the selective disadvantage of MD/MD 
(= 1— Ws). 


gq = the frequency of WT chromosomes at 
equilibrium maintained by selection. 


In the following calculations the adaptive value 
of the heterozygotes (W2) is always equal to 1.00. 


4 
4 
4 
. 
a 
4, 
Z 
~ 
q 
‘ 
a 
a4 
= 
< 
4 
if 
. 
~ 
on 
id 
! 
| 
q 
~ 


DROSOPHILA FROM THE SIERRA NEVADA 21 


calculations for the changes occurring at 
16° are as follows: 


Genotype w 
WT/WT 0.436 s=0.564 
WT/MD 1.000 @=57.2 per cent 
MD/MD 0.246 t=0.754 


Of course it should be noted that the 
change in temperature (or some accom- 
panying change in humidity or both) has 
produced a measurable difference in adap- 
tive values between the three zygotic 
classes ; whereas at 25° there is no meas- 
urable difference between the classes (W 
= 1.0 for all classes). 

Cage No. 2 containing WT and ST 
chromosomes from Tuolumne and Aspen 
showed no significant changes after two 
generations at 25° (see table 4), and 
three additional generations at 16° no 
changes occurred. Apparently whatever 
agent or agents there may be which bring 
about differential survival of WT and 
MD zygotes at 16° from this locality, 
that agent has no effect on WT and ST 
at 16°. It is important to note, however, 
that so far no changes in frequency have 
been observed at 25° for any gene ar- 
rangements from these localities. 

Cage No. 9 containing WT and KL 
chromosomes from Tuolumne was started 
after most of the Jacksonville cages had 
been completed. It has been noted above 
that only three strains of KL were avail- 
able from this locality, and because of 
this small number of strains no experi- 
ment involving these strains was origi- 
nally planned. However, after the re- 
sults of Jacksonville WT-KL cages had 
been obtained, it was decided to start cage 
No. 9 merely for the sake of complete- 
ness. The data for this cage are given 
in table 4. 

Cages No. 1 and No. 2 did not show 
a very pronounced increase in numbers of 
individuals in the 25° room over the in- 
itial number. As a matter of fact, a rough 
approximation of the number in these 
cages would be 1,000-1,500. This num- 
ber increased between two and three fold 
after one generation at 16°. However, 


cage No. 9 did especially poorly at 25° ; 
although the initial number was 870, no 
increase in number took place. In fact, it 
was maintained with some difficulty at the 
end of one generation. Few larvae seemed 
to reach pupation, and before any dan- 
gerous reduction of the population size 
might take place the cage was moved to 
16°. Here at the end of another genera- 
tion the number of flies was as great as 
in the other cages. It should also be 
mentioned here that it was much more 


TABLE 4. Relative frequencies of gene 
arrangements in cages No. 2 (above: 
Tuolumne and Aspen) and No. 9 


(below: Tuolumne) 
T Date % WT | %ST r 
‘emp. somes 
25° 
April 20, 1948 
Initial 52.0 | 48.0 
Control 55.0 45.0 290 
May 21 54.9 | 45.1 306 
June 18 52.7 | 47.3 294 


Transferred to 16° on June 25 


16° C. 
July 26 51.0 | 49.0 | 298 
Sept. 8 50.5 | 49.5 | 302 
Oct. 21 52.0 | 48.0 | 298 


x? (zygotic data both 16° and 25°) = 9.45, 
d.f. = 10, p. = 0.48. 


Chromo- 
Temp. Date % WT | % KL somes 
examined 
25° 
Dec. 20, 1948 
Initial 43.5 56.5 
Control 40.4 59.6 250 
Jan. 30, 1949 | 42.6 57.4 230 


Transferred to 16° on Feb. 10, 1949 


16° C. 
300 
240 


54.0 
48.4 


46.0 
51.6 


March 11 
Apr. 12 


x? (zygotic data at 25°) = 1.543, d.f. = 2, 


p. = 0.48. 
x? (zygotic data at 16°) = 7.94, d.f. = 4, 


p. = 0.092. 


# 
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difficult raising larvae to maturity for 
cytological analysis from this cage than 
from any other. (The strains of WT 
used in cage No. 9 were different from 
those of No. 1 and No. 2 which in turn 
differed in strains of WT from each 
other. ) 

Unfortunately only one generation was 
counted at 25° for cage No. 9, but the 
frequency was not significantly changed 
from the initial frequency. Sampling for 
two generations after transferring to 16° 
showed an 8 per cent increase in WT at 
the expense of KL. While it is not pos- 
sible to calculate an exact value for the 
selection coefficients on the basis of these 
data, it is apparent that WT is better 
than KL under the laboratory conditions 
at 16°. The changes which have oc- 
curred are only slightly significant, and 
while there is no overwhelming necessity 
for believing that actual changes have oc- 
curred, still on the basis of results from 
other cages it seems reasonable that the 


' trend showing increase in WT and de- 


crease in KL is a real one. 
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New Inversions in Tuolumne Strains 


1.) An inversion not previously known 
was first found in population cage No. 2 
during the control count (April, 1948). 
It is included within the WT arrange- 
ment and is about 12.5 per cent of the 
total chromosome length. The sequence 
of the bands (see original map of Dob- 
zhansky and Sturtevant, 1938) and a 
drawing of a heterozygote of this inver- 
sion with ST are included in figure 2. 
In the control count 9 WT chromosomes 
were found to be heterozygous for this 
inversion (10.2 per cent of the WT/WT 
chromosomes or about 3 per cent in the 
entire sample). Throughout the sam- 
pling of cage No. 2 at least one hetero- 
zygote was found in each sample; this 
inversion was counted as a WT chro- 
mosome. 

By a reexamination of the strains which 
had contributed to population cage No. 2, 
the inversion was rediscovered in strain 
No. 7 which is descended from a single 
wild female of Tuolumne. The chromo- 
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SEQUENCE OF TUOLUMNE INVERSION 


Fic. 2. The structural heterozygote of TU/ST. The Tuolumne arrangement is a small 
included inversion within WT. See text. 
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SPONTANEOUS 
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SEQUENCE OF 


|ABCDE| AB/AIEDCBA |DC BAIDCBA|C [BC DJAB] Bc [ABC] 


SPONTANEOUS 


INVERSION 


Fic. 3. The structural heterozygote of a new inversion over 
WT. This inversion was found in only one larva of Tuolumne 


origin. 
No. 9. 


somal breaks which brought this rear- 
rangement (now referred to as “Tuol- 
umne”’) must have occurred in or in the 
immediate ancestry of the wild parents of 
this strain. 

2.) A second new inversion was dis- 
covered in population cage No. 9 in the 
first generation count. Of 230 chromo- 
somes examined only this one was found. 
It occurred in heterozygous condition 
with WT and was located on a WT 
chromosome independent of that arrange- 
ment (see fig. 3 for new inversion /WT). 
Since it has never been seen again in cage 
No. 9, the probability is greatest that this 
inversion arose spontaneously in cage 
No. 9, an event of very rare occurrence. 


Jacksonville Cages 


In preparing populations for cages No. 
4 and No. 6 containing WT-ST and 
WT-MD chromosomes of Jacksonville 
origin respectively, it was assumed that 
there were no significant differences be- 
tween chromosomes of Tuolumne and of 
Jacksonville origin. 


Each cage was 


It is probably the result of spontaneous breaks in cage 


started with high initial frequencies of 
WT; if the gene contents of inversions 
from each end of the altitudinal transect 
were the same, presumably the reactions 
of competing chromosomes would be the 
same in the experimental populations. On 
the basis of this assumption it was ex- 
pected that no changes would occur at 
a7 

Cage No. 4 (WT-ST) was placed first 
in the 25° constant temperature room 
for two generations to determine the di- 
rection of trend. As can be seen from 
table 5, WT chromosomes increased very 
rapidly, a reaction quite different from 
that expected (WT increased 11.3% in 
two generations). It should be noted 
that ST/ST zygotes did not occur in the 
second generation sample. While it is 
possible that the WT/WT zygotes were 
equal or slightly poorer than WT/ST in 
adaptive value (a condition which would 
result in an equilibrium with WT at > 
90 per cent even if ST/ST zygotes were 
completely eliminated in each generation ) 
the most likely interpretation is one of 
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TABLE 5. Relative frequencies of gene 
arrangements in cages No. 4 (above) 
and No. 8 (below: Jacksonville) 


Chromo- 
Temp. Date %WT | %ST somes 
examined 
Aug. 25, 1948 | 78.2 21.8 302 
Sept. 28 87.5 12.5 296 
Nov. 4 89.5 10.5 296 


Transferred to 16° on Nov. 17 


16° C. 
Dec. 29 87.0 | 13.0 300 
Feb. 5, 1949 | 82.2 17.8 252 
Mar. 11 83.7 | 16.3 300 
Apr. 12 77.6 | 22.4 250 


x? (zygotic data at 16°) = 21.23, d.f. = 8, 
p. < 0.01. 


Chromo- 
Temp. Date % WT % ST somes 
examined 
Nov. 17 39.4 60.6 300 
Dec. 10 51.4 48.6 150 
Jan. 10 52.0 48.0 250 
Feb. 5 56.4 43.6 250 
Mar. 9 61.6 37.0 300 


superiority of WT/WT over WT/ST. 
Before such a condition might create too 
great a deficiency of ST, the cage was 
transferred to 16°, and cage No. 8 con- 
taining the same strains of WT and ST 
was started with a low frequency of WT. 
It was not intended that cage No. 8 
would be retained for a period long 
enough to allow complete elimination 
of ST chromosomes, but merely long 
enough to note the rate of change of 
frequency and thereby to utilize the 
Wright formula in calculation of the se- 
lection coefficients. After four genera- 


tions at 25° WT had increased in cage No. 
8 by 21.8 per cent (see table 5). It can 
be seen that the changes at 25° in cages 
No. 4 and No. 8 occur at approximately 
the same rates, although the rate of 
change in No. 8 appears slightly slower 
than in No. 4. A calculation of selection 
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coefficients for the four generations of 
cage No. 8 gives the following results: 


Genotype Ww 

WT/WT 1.060 s=—0.060 No equilibrium, 

WT/ST 1.000 eventual fixation 
ST/ST 0.665 t= 0.335 of WT. 


It may be argued, however, that the cal- 
culated adaptive values of WT/WT and 
WT/ST are nearly equal and that the 
difference is not significant. Complete 
elimination of ST in this cage might not 
take place. 

After cage No. 4 had been transferred 
to 16° the trend suddenly changed direc- 
tion and velocity. Within four genera- 
tions ST had regained a foothold and had 
increased 11.9 per cent with an accom- 
panying drop in WT. The trend op- 
posite to that obtained at 25° is a real 


one. Selection coefficients for the zy- 
gotic classes at 16° are as follows: 
Genotype Ww 

WT/WT 0.909 s=0.091 

WT/ST 1.000 q= 80.4 per cent 
ST/ST 0.634 t=0.366 


It is important to note that the adaptive 
values of WT/WT and ST/ST dropped 
slightly, giving the heterozygote superi- 
ority at 16°. 

Cage No. 6 (WT and MD) in many 
ways paralleled the changes in cage No. 4, 
but there were some interesting differ- 
ences (see table 6). After two genera- 
tions at 25°, WT had increased 23.3 per 
cent at the expense of MD, an apparently 
much faster rate than in cage No. 4, but 
if the changes occurring at similar fre- 
quencies are compared (78.2 per cent > 
87.5 per cent = 9.3 per cent in one gen- 
eration in No. 4 while 77.7 per cent > 
87.6 per cent = 9.9 per cent in one gen- 
eration in No. 6) the apparent overall 
difference in rate seems to be due to the. 
fact that Ag is dependent on gq (initial 
frequency) rather than to any inherent 
greater advantage of WT in one cage 
than in the other. 

At the end of the second generation 
cage No. 6 was moved to 16° and cage 
No. 7 was started at 25° with only three 
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strains of WT and MD, all six of which 
were identical with those of cage No. 6. 
It was of interest to see whether the rate 
of change and direction of trend were the 
same for the population containing fewer 
strains as for the original cage No. 6 pop- 
ulation. By referring to table 6 it is evi- 
dent that the increase in WT is slower 
at low frequencies but becomes more 
rapid at higher frequencies, the total 
change being 24.3 per cent over a period 
of four generations (N.B. the final re- 
corded change in cage No. 7 is almost the 
magnitude of that recorded as the first 
change in cage No. 6: 8.6 per cent for 
cage No. 7, 13.4 per cent for cage No. 6). 

Calculations of the selection coefficients 
for cage No. 7 gave the following results : 


Genotype Ww 


WT/WT 1.383) s=—0.383 No equilibrium, 
WT/MD 1.000 eventual fixation 
MD/MD 0.932 t= 0.068 of WT. 


It is important to notice that in this 
case it is the adaptive value of homozy- 
gous MD which is closest to that of the 
heterozygote, whereas in cage No. 8 the 
adaptive value of homozygous ST was 
much lower than the heterozygote WT/ 
ST. We can therefore symbolize the 
relative adaptive values of all five zygotic 
classes as follows for cages No. 7 and No. 
8 at 25°: 


WT/WT2=WT/ST>WT/MD 
>MD/MD>ST/ST. 


(It is not possible to determine the 
position of MD/ST in this series from the 
present evidence. ) 

After cage No. 6 had been transferred 
to 16° the trend changed in velocity and 
direction just as in the case of No. 4, 
- but at the end of four generations WT 
had dropped only 7.8 per cent, and an 
equilibrium seemed to be formed at ap- 
proximately 80 per cent WT-20 per cent 
MD. This change in trend is undoubtedly 
real although a x’ calculated for the zy- 
gotic data shows that the 7.8 per cent 
change in four generations is barely sig- 
nificant. The selection coefficients cal- 


culated for the 16° cage No. 6 data gave 
the following results: 


Genotype Ww 


WT/WT 0.905 
WT/MD __ 1.000 
MD/MD_ 0.609 t=0.391 


These results are very interesting when 
compared with those from cage No. 4 
at 16° (WT-ST). It will be seen that 
the selection coefficients of each zygotic 
class are very close to being equal in the 
two cages. However, it is most impor- 
tant to take note of the fact that WT and 
MD had definitely been at equilibrium 
for two generations before the selection 
coefficients were calculated, while there 
is some doubt as to the equilibrium con- 


s=0.095 
q= 80.8 per cent 


TABLE 6. Relative frequencies of gene 
arrangements in Cages No. 6 (above) 
and No.7 (below: Jacksonville) 


Chromo- 
Temp. Date % WT | somes 
examined 
Aug. 30, 1948 64.3 35.7 246 
Oct. 3 77.7 22.3 278 
Nov. 8 87.6 12.4 306 


Transferred to 16° on Nov. 17 


16° C. 
Dec. 29 85.0 | 15.0 | 300 
Feb. 5 80.0 | 20.0 | 300 
Mar. 11 81.3 | 18.7 | 300 
Apr. 12 79.8 | 20.2 | 258 


x? (zygotic data at 16°) = 14.30, d.f. = 8, 
p. = 0.07. 


Chromo- 

Temp. Date % WT | % MD | somes 
examined 

Nov. 16 36.3 63.7 300 

Dec. 12 40.7 59.3 150 

Jan. 14 45.0 55.0 284 

*Feb. 5 49.6 50.4 300 

Mar. 1 52.0 48.0 300 

*Mar. 9 57.7 42.3 300 

Apr. 7 60.6 39.4 300 


* These counts represent changes within a 
generation since the interval from the previous 
count is less than a complete life cycle. 
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dition between WT and ST (compare 
results in tables 5 and 6) ; the possibility 
remains that WT and ST might actually 
form an equilibrium somewhat lower than 
that calculated on the basis of the avail- 
able data (80.4 per cent = q). 

At any rate it is possible to symbolize 
the relative adaptive values at 16° and 
take note of some interesting points : 


WT/MD=WT/ST>WT/WT 
>ST/ST=MD/MD. 


The apparent advance of WT/MD is es- 
pecially striking when its adaptive values 
are compared with WT/WT at 25° and 
at 16°. Both heterozygotes are without 
any doubt superior to all homozygotes at 
the lower temperature. The exact posi- 
tion of ST/ST and MD/MD with re- 
spect to each other is somewhat in doubt 
owing to the near equality of their adap- 
tive values in relation to the respective 
heterozygotes with WT. 

According to the February collection of 
flies from Jacksonville (see table 1) the 
KL arrangement was second in frequency 
to WT (23.3 per cent KL, 56.4 per cent 
WT). The results of competition be- 
tween WT and KL, therefore, are of 
great interest at this locality, not only for 
comparison with those reactions of the 
same arrangements from Tuolumne but 
also for comparison with the other ar- 
rangements at Jacksonville. Cage No. 
3 (WT-KL from Jacksonville) showed 
no significant changes after two genera- 
tions at 25° (see table 7). A homo- 
geneity x” for zygotic data was calculated : 
x? = 2.89, df. =4, p. =.50—.70. Cage 
No. 5 was started to check on this lack 
of change at 25°; the initial frequencies 
were reversed with respect to cage No. 
3 in order to show whether the lack of 
change was due to genuine absence of se- 
lection pressure. The results of cage No. 
5 confirmed the assumption that the ini- 
tial frequency was maintained according 
to the Hardy-Weinberg principle of equi- 
librium at 25°. 

At 16° a slight trend was established 
which showed an increase of WT by 


TABLE 7. Relative frequencies of gene 
arrangements in cages No. 3 (above) 


and No. 5 (below: Jacksonville) 


Chromo- 
Temp. Date %WT | % KL somes 
| examined 
May 25, 1948 
Initial 40.8 59.2 
Control 37.5 62.5 296 
June 18 42.0 58.0 300 
July 22 40.0 60.0 300 
Transferred to 16° on July 28 
16° C. 
Sept. 14 41.0 59.0 300 
Oct. 21 46.5 53.5 290 
Dec. 4 50.4 49.6 300 
Jan. 14 47.4 52.6 300 
Feb. 19 51.4 48.6 300 


x? (zygotic data at 25°) = 2.89, d.f. = 4, 
p. = 0.58. 

x? (zygotic data at 16°) = 18.40, d.f. = 10, 
p. = 0.048. 


Chromo- 
Temp. Date %WT | % KL somes 
a 


Dec. 10, 1948) 72.8 | 27.2 250 
Jan. 6, 1949 |. 69.0 | 31.0 288 
Feb. 2 (71.4 28.6 300 


Transferred to 16° on Feb. 8 


16° C. 
March 11 69.4 | 30.6 | 300 
April 13 77.2 | 22.8 | 298 


x? (zygotic data at 16°) = 7.48, d.f. = 4, 
p. = 0.11. 


10.4 per cent in three generations. After 
two more generations it became evident 
that WT and KL had formed an equi- 
librium at approximately 50 per cent each. 
The changes are not highly significant, 
but it is reasonable to believe that this 
trend is a real one since the proportions 
at equilibrium remained constant for two 
generations. 

Selection coefficients for the data in 
cage No. 3 at 16° are as follows: 
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Genotype w 

WT/WT 0470 s=0.530 

WT/KL 1.000 qg=51.2 per cent 
KL/KL 0.443 t=0.557 


The check cage (No. 5) gave slightly 
ambiguous results for the two generations 
recorded at 16°. The first generation 
sample showed no significant change from 
the last frequency at 25°, but the second 
sampling showed a sudden increase in 
WT (7.8 per cent in one generation). 
An explanation for this unexpected change 
might lie in the fact that the relative hu- 
midity for March was extremely low in 
comparison with other months (see ap- 
pendix for relative humidity ), a fact which 
could be a clue to the agency of selection. 
A x’ on these data gave results which 
show that there may be no essential rea- 
son for believing that any real change 
has taken place. There can be no doubt, 
however, that there was no net differ- 
ential survival of either WT or KL at 
25°. All zygotic classes were adaptively 
equal or nearly so. At 16° cage No. 3 
clearly shows that the heteroxygote (WT/ 
KL) is superior to both homozygotes 
which were in turn very nearly equal to 
each other ; if the sudden jump of 7.8 per 
cent increase in WT is real in cage No. 
5, then it would appear that WT/WT is 
clearly superior to KL/KL at 16°. It 
should also be pointed out that while the 
strains of flies were the same for both 
cages, cage No. 5 had two less strains of 
KL than cage No. 3. 

We can symbolize the relations of the 
three classes at 16° as follows from cage 
No. 3: 


WT/KL>WT/WT=KL/KL. 


It might be argued that since KL has not 
been used in competition with ST or 
MD, all the possible classes observed in 
nature cannot be arranged in order of 
superiority; but for those which are 
known it is helpful to combine all zygotes 
into their probable descending order un- 
der laboratory conditions on the basis of 
the calculated adaptive values (for 16°, 


cages No. 3, No. 4, and No. 6): 


WT/KL>WT/MD 
=WT/ST>WT/WT 
=KL/KL>ST/ST=MD/MD. 


For the same cages (plus No. 7 and No. 
8) at 25° the situation is quite different : 


WT/KL=WT/WT =KL/KL 
=WT/ST>WT/MD>MD/MD 
>ST/ST. 


DiscussIoN 
Comparison with D. pseudoobscura 


In studying the adaptive values of 
Standard, Arrowhead, and Chiricahua 
gene arrangements from Pijfion Flats, 
Dobzhansky (Wright and Dobzhansky 
1946) found that there were no percepti- 
ble changes in frequencies of any of the 
arrangements at 16° C., while at 25° ST 
is definitely superior to both CH and AR. 
Later he (1948b) compared the adap- 
tive values of the same chromosomes from 
Pifon Flats, Keen Camp, and Mather, 
California ; and in no case did any experi- 
ment show positive evidence of change in 
frequency at 16° (there was a slight but 
non-significant decrease in ST and in- 
crease in CH from Keen Camp at 16°). 

These results from Dobzhansky’s work 
on D. pseudoobscura contrast with the 
present evidence from D._ persimilis. 
With the exception of cage No. 2 and 
the doubtful case of No. 5 all populations 
show some selection at 16°, and in many 
cases there are strong differences in adap- 
tive values between the competing ar- 
rangements. At 25° none of the experi- 
mental populations containing Tuolumne 
chromosomes gave any evidence of dif- 
ferential survival. All the zygotic classes 
of WT and KL from Jacksonville are 
adaptively similar at 25°, while at 16° 
the heterozygotes are definitely superior. 

These results are most interesting when 
the ecological preferences of these two 
species are kept in mind. D. persimilis 
is much more successful than its near 
relative under cooler, more humid condi- 
tions and at higher altitudes. The fact 
that the third chromosome polymorphism 
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has been found to be significantly adaptive 
at higher temperatures for D. pseudo- 
obscura and at lower temperatures for D. 
persimilis is indicative of a real physio- 
logical difference between these species 
and gives an additional clue to the solu- 
tion of the problem of differentiation 
which took place during the original di- 
vergence of these species. 


The Question of Gene Differences in 
Chromosomes from Various Localities 


In regard to the polymorphism of the 
third chromosome in D. pseudoobscura, it 
is important to know not only whether 
local populations differ in the frequency 


of arrangements but also whether the 


gene contents of the inversions differ be- 
tween localities. The evidence seems to 
be overwhelmingly in favor of differences 
in both respects between local popula- 
tions of D. pseudoobscura (Dobzhansky 
1948b). It should be pointed out here 
that this fact strengthens Mayr’s hypothe- 
sis (1945) : “Each gene arrangement has 
at each given locality gene contents of 
specific selective value. The interference 
with crossing over (caused by inversions) 
tends to preserve the gene combinations 
which have local selective advantages.” 
Consequently the problem of discontinuity 
in the geographic range of some arrange- 
ments boils down to “not how did these 
discontinuities arise but how are they 
mainiained?” Dobzhansky’s population 
cage tests on chromosomes from Pifion 
Flats and Keen Camp (thirteen miles 
apart but of quite dissimilar biotic situ- 
ations) showed that ST, CH, and AR 
chromosomes were significantly different 
in their reactions, and when the results 
obtained from each of these localities were 
compared with results from Mather ex- 
periments still further differences were 
observed. 

On the basis of such results Dobzhan- 
sky has formulated the following hypothe- 
sis of co-adaptation (1947c) : 

“Individuals heterozygous for chromosomes 


with different gene arrangements from the same 
population are [with few exceptions] . . . adap- 


tively superior to chromosomal homozygotes. 
Hence, the selective process leads to an equi- 
librium state in which all competing chromo- 


somal types are preserved. . . . The process 
of natural selection, therefore, encourages the 
spread of those gene complexes . . . which pro- 


duce superior heterozygotes. . . . This ‘co- 
adaptation’ of the gene complexes apparently 
takes place separately and independently in 
populations which reside 300 miles, or perhaps 
even as little as 15 miles, from each other.” 


The results of experimental populations 
of D. persimilis present additional evi- 
dence for genetic heterogeneity between 
localities. The changes in Jacksonville 
cages at 25° containing WT-MD and 
WT-ST contrast strongly with the lack 
of change in Tuolumne cages containing 
the same arrangements. At 16° the con- 
trast-is also pronounced: Jacksonsville 
WT-MD equilibrium = 80.8 per cent 
WT, s = .095, t = .391; Tuolumne WT- 
MD equilibrium = 57.2 per cent WT, s 
= .564, t = .754; Jacksonville WT-ST 
equilibrium = 80.4%, s = .091, t = .366; 
Tuolumne WT-ST, no changes in fre- 
quency, adaptive values equal. The dif- 
ferences between WT-KL from the two 
localities cannot be checked since the data 
from Tuolumne cage No. 9 are not ex- 
tensive enough for calculation of selec- 
tion coefficients. 

The lack of change of inversion fre- 
quencies in any Tuolumne cage at 25° 
has significant implications when the tem- 
perature data from this locality are ex- 
amined : (U. S. Weather Bureau Climato- 
logical Data for Ellery, Lake (el. 9,600’, 
eight miles east of Tuolumne), average 
temperature for July (1935-1945) = 
55.0° F. (12.8° C.); highest recorded 
temperature for 1945 = 76° F. (24° C.), 
for 1946 = 71° F. (22° C.), for 1947 = 
72° F.) It is obvious that flies at that 
elevation never experience high tempera-_ 
tures for any long period of time. Se- 
lection has had no opportunity to produce 
adaptive gene combinations under warm 
conditions in nature, and consequently no 
differences in adaptive values can be dem- 
onstrated. However, the adaptive values 
cease to be equal at a lower temperature 
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in the case of WT—MD and WT-KL;; it 
seems likely, therefore, that the labora- 
tory agencies of temperature, humidity, 
and density of population must also be at 
least partly instrumental in nature. The 
results of the cages from 25°, an excep- 
tional temperature for Tuolumne flies, 
indicate that when a population which has 
been maintaining an adaptive polymorph- 
ism in a certain environment is placed in 
a situation in which selection has never 
had a chance act, the adaptive values of 
the various polymorphic types cease to 
be functional, and all adaptive genotypes 
tend to remain at a constant frequency. 

It must be pointed out that in the case 
of WT and ST (cage No. 2 Tuolumne) 
no selection is demonstrable at 16°; the 
agency which maintains frequencies of 
these arrangements in nature cannot be 
the agency of temperature at least not in 
the 16°-25° range. When WT competes 
with MD or KL chromosomes, however, 
there is no question of its superiority un- 
der the 16° conditions, although not at 
the magnitude found in nature. Atten- 
tion is called to the fact that the breeding 
season is very short at Tuolumne (two or 
four generations) ; consequently no ap- 
preciable seasonal cycle in frequency 
changes should be expected here, and 
selection might be especially strong dur- 
ing the period of hibernation. It might 
well be, therefore, that maintenance of in- 
version polymorphism is accomplished 
by selection at very low temperatures, 
considerably below those used in the pres- 
ent experiments. 

On the other hand the environment of 
Jacksonville (Upper Sonoran Life Zone) 
supports a breeding population through- 
out most of the year. The strong differ- 
ences in adaptive values between Jack- 
sonville chromosomes at 25° and at 16° 
indicate that at least part of the adaptive 
mechanisms developed in nature are op- 
erating in the laboratory ; however, those 
differences might also indicate seasonal 
cycles at this locality not yet demonstrated 
by sampling at Jacksonville. If it is as- 
sumed that the relative superiority of the 


arrangements in the cages parallels the 
situation in nature at all, the character of 


the adaptive polymorphism in this locality 
can be predicted to some extent. 

At 16° there can be no doubt of the 
superiority of all heterozygotes with WT 
over the homozygotes, a fact which cor- 
roborates Dobzhansky’s theory of co- 
adaptation. The February sample from 
Jacksonville shows KL second in fre- 
quency to WT as shown above; and at 16° 
the WT/KL is superior to WT/MD and 
WT/ST, while KL/KL is clearly su- 
perior to ST/ST and MD/MD since it 
is almost equal to WT/WT at 16°. The 
relationships between MD and ST are 
less clear; their frequencies are almost 
equal in the February collection although 
MD is somewhat greater in the summer. 
Until competition experiments have been 
tried between KL, MD, and ST, no in- 
terpretation could be safely attempted 
with respect to the frequencies of MD and 
ST at Jacksonville. If the elimination 
of ST and MD with fixation of WT at 
25° reflects the situation at warm tem- 
perature in nature, it is reasonable that 
there might be some advantage to the 
heterozygotes KL/MD and KL/ST, a 
possibility not yet demonstrated. This 
suggests that WT and KL form an effi- 
cient combination in maintaining inversion 
polymorphism at Jacksonville, but ap- 
parently at high elevation KL no longer 
forms such advantageous heterozygotes 
with the other arrangements since KL is 
very infrequent there. 

At this point it can be stated that the 
adaptive values of the principle gene ar- 
rangements of the third chromosome of 
D. persimilis from different ecological 
situations contrast strongly. The genetic 
mechanism responsible for this contrast 
cannot be definitely shown from the data 
presented, but three possibilities become 
evident: (1) the gene contents of the 
third chromosome arrangements differ ; 
(2) the remainder of the genotype, which 
may exert a modifying action on the adap- 
tive values of the third chromosomal ar- 
rangements, may differ; (3) or, more 


| 


a 


30 ELIOT B. SPIESS 


probably, both these possibilities may be 
true for each local well-adapted popula- 
tion. The evidence is scanty for any 
definite conclusion here, but some atten- 
tion should be called to the following. 
In the Jacksonville population cages some 
strains of WT were used throughout, 
and yet the competing arrangements did 
not show identical behavior. At least 
each arrangement seems to have sepa- 
rate characteristics within a locality. The 
Tuolumne cages on the other hand had 
no strains in common with each other, 
and the reactions of the competing ar- 
rangements were much alike at 25°, but 
contrasting at 16°. Such contrast at 16° 
might be explained on the basis of modi- 
fying factors in the residual genotype, or 
inherent differences between the third 
chromosome arrangements, or both. 

Additional evidence for the intralocal 
specificity along this transect can be found 
in the data for wing area and length di- 
mensions of D. persimilis by Reed and 
Reed (1948). Such data not only show a 
morphological gradient in wing dimen- 
sions with altitude, but also they suggest 
genetic differences between populations 
since many of the samples are statistically 
different along the transect. 

Attention has been called to the slight 
discontinuities between life zones and 
relative homogeneity of inversion fre- 
quencies within life zones (see fig. 1). 
The parallel gradient in frequencies of ST 
and AR chromosomes of D. pseudoob- 
scura (Dobzhansky, 1948a) along the 
same transect gives additional evidence of 
homogeneity within life zones, but since 
the seasonal fluctuations in frequency are 
very pronounced in this species it is diffi- 
cult to assign any particular frequencies to 
any one area. 

Stalker and Carson (1948) have shown 
that the gradient in gene arrangement fre- 
quencies and morphological dimensions of 
D. robusta along an altitudinal transect 
in the Appalachian Mountains is some- 
what bimodal in that the gradient is reg- 
ular above 2,000’ and below 1,400’ but is 
very steep in the area between. This 


evidence also suggests homogeneity within 
life zones. In addition these authors found 
that two of the inversions common in 
northern United States showed a strik- 
ing decrease in frequency with decrease in 
altitude, but some other clearly “north- 
ern” inversions showed no change (2R) 
or an increase in frequency (3R) with de- 
creasing altitude. For this discrepancy 
between widely geographic gradients and 
smaller altitudinal gradients the authors 
offered two possible explanations: “(a) 
the environments in the north and at 
4,000 feet in Tennessee are similar but 
by no means identical; (b) the same 
gene arrangement may have different 
genetic values at different localities.” 
Because the evidence seems to be over- 
whelmingly in favor of interpopulational 
genetic differences for the gene arrange- 
ments of D. pseudoobscura and D. per- 
similts, this explanation for the discrepan- 
cies between the D. robusta gradients is 
offered here. It appears more likely that 
the gene contents of any particular chro- 
mosomal arrangement are determined by 
natural selection within each locality; if 
the localities are contiguous, migration be- 
tween them will tend to equalize their 
genetic differences and will result in a 
gradient between those localities. How- 
ever, the same arrangement from two 
distant localities of diverse ecological pat- 
terns or of the same pattern but separated 
by another sort of environment may pos- 
sess very different gene combinations. 
The mechanism of gene arrangement 
polymorphism then is useful to the species 
by the different gene combinations which 
can be acquired to fit the local population 
to its environment. Presumably certain 
alleles may be retained in one locality and 
other alleles of the same loci at other lo- 
calities. These alleles would be selected 
on the basis of their utility to the heterozy- 
gote (“co-adaptation”) but would not 
be as useful to the cross between locali- 
ties of different ecological pattern; there- 
fore, even though migration would take 
place between localities, the gradient 
would be preserved as long as the ecologi- 
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cal patterns remained different for each 
local population. Although these con- 
siderations by no means solve the vast 
problem of gradients, they do throw some 
light on the sort of pattern to be reckoned 
with in its solution. 


SUMMARY 


Four well-established gene arrange- 
ments of the third chromosome of Droso- 
phila persimilis form a gradient in rela- 
tive frequency along an east-west trans- 
ect on the western slope of the Sierra 
Nevada. Populations of flies with pre- 
determined relative frequencies of these 
chromosomes were maintained for several 
generations under controlled conditions 
for the purpose of investigating the adap- 
tive values of various combinations of the 
gene arrangements. The data obtained 
from nature and from the experimental 
populations show the following: 

(1) The adaptive values of gene ar- 
rangements from the high elevations 
(Tuolumne, California) are equal at 25° 
C. All gene arrangements from low ele- 
vation (Jacksonville) however, are not 
equal at 25°: homozygous Whitney is 
equal or superior to heterozygotes with 
Standard and Mendocino, and the tend- 
ency is for elimination of the two latter 
with consequent fixation of WT. Whitney 
and Klamath chromosomes from low ele- 
vation appear to be nearly equal at 25°. 

(2) At 16° high elevation Whitney 
chromosomes are superior to MD and KL 
but equal to ST. At low elevation WT 
is superior to all three, but equilibria are 
formed in all cases at 16°, a fact which 
indicates superiority of heterozygotes over 
homozygotes. This fact corroborates 
Dobzhansky’s theory of co-adaptation of 
gene contents within chromosomes from 
the same population. 

(3) The lack of adaptive differences 
between chromosomes from high eléva- 
tion at 25° probably indicates that the 
agency of selection in nature is not being 
reproduced in the laboratory. The fact 
that selective changes in frequency do 
occur to some extent but not at the magni- 


tude observed in natural populations when 
these arrangements compete at 16° indi- 
cates that the temperature difference, hu- 
midity, or density of population, or any 
combination of these, may be partially 
instrumental in nature. 

(4) A comparison of results of these 
population experiments indicates consid- 
erable difference in adaptive value and 
quite probably therefore in gene contents 
of the same gene arrangement (WT, 
ST, and MD) from the localities at op- 
posite ends of the altitudinal transect. 
The present evidence does not indicate a 
significant difference between Tuolumne 
KL and Jacksonville KL. 

(5) These results also indicate that the 
third chromosome inversions in D. per- 
similis are more adaptive at lower temper- 
atures, a fact which is in strong contrast 
with the situation in D. peudoobscura 
whose chromosomal variants are more dif- 
ferent with respect to adaptive values at 
higher temperatures. This contrast may 
be indicative of a real physiological dif- 
ference between these species. 

(6) The evidence from D. pseudoob- 
scura, D. persimilis, and D. robusta popu- 
lations along various altitudinal transects 
has pointed to homogeneity of inversion 
gene contents within life zones and slight 
heterogeneity between life zones. Evi- 
dence from morphological dimensions of 
these species also indicate that many 
populations are significantly distinct. 

(7) Some general considerations to be 
dealt with in solving the problem of alti- 
tudinal gradients are summarized. 
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APPENDIX A 
Relative humidity data (mean monthly average) 


Evol., 1: 


1948. An altitudinal transect of D. 
Evol., 2: 295-305. 


1946. 


Temp. Month 
16° 83 March, 1948 1 
16° 83 April 2 
16° 89 May 1 
16° 83-89 June 4 
16° 83.5+0.9 July 20 
16° 83.0+0.6 August 20 
16° 82.5+0.6 September 23 
16° 72.2+1.0 October 23 
16° 72.940.9 November 17 
16° 69.1+0.7 December 22 
16° 75.140.7 | January, 1949 21 
16° 67.0+1.0 February 22 
16° 62.7+0.8 March 26 
25° 70-74 June, 1948 4 
25° 73.6+0.9 September 21 
25° 67.2+0.7 October 26 
25° 68.8+1.0 November 23 
25° 66.6+0.8 December 25 
25° 65.9404 January, 1949 24 
25° 73.541.3 February 22 
25° 71.7-—0.8 March 25 


Month 


Normal 


Aprenpix B 


1947 Climatological Data (U. S. Weather Bureau) 
Normal average temperature for past ten years 


Ellery Lake (el. 9600’) 


Sonora (el. 1825’) 
(9 mi. N. of 
Jacksonville) 


44.5° 
47.9 
51.6 
57.0 
63.1 


Annual average 59.8° 


(8 mi. E. of 
Tuolumne) 


22.1° 


33 


Normal 
Annual total 


33.17" 


|_| 
| 
23.0 
27.2 
| 31.6 
38.2 
| 70.7 46.0 
77.9 55.0 
76.3 54.3 
70.1 47.7 
60.7 39.5 
45.8 25.9 
36.8° 
Normal average precipitation for same period 
Sonora Ellery Lake 
J 6.39” 4.93” 
F 6.10 5.46 
| M 5.80 3.75 
A 2.59 2.81 
M 1.43 1.31 
J 0.31 1.03 
- J 0.01 0.62 
A 0.02 0.71 
- S 0.41 0.49 
1.73 1.43 
N 3.08 2.32 
D 5.30 4.49 
29.90" 
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INTRODUCTION 


Reed and Reed (1948) described a use- 
ful technique for studying competitions 
between different strains of Drosophila in 
the laboratory. The “Population bottles” 
in which the competitions may continue to 
their natural ends, are easy to assemble 
and maintain. Their effectiveness was 
demonstrated by a study of the selective 
advantage possessed by an inversion het- 
erozygote over the two related homozy- 
gotes in Drosophila melanogaster, and 
reported in the paper cited above. 

The data to be presented here include 
the results of a competition between a 
sex-linked gene causing white eyes and 
its wild type allele in Drosophila melano- 
gaster. The gene for white eyes is re- 
cessive to its wild type allele which causes 
red pigmentation of the eyes. Inheri- 
tance of a sex-linked gene such as that 
for white eyes is distinctive in that males 
have only a single member of a pair of 
alleles present instead of two members. 
Consequently, if the white gene is pres- 
ent in a male it always shows but in 
females if only one white gene is present 
it is “covered-up” by the red wild type 
allele and does not show. The gene for 
white eyes was eventually eliminated from 
the competition and it is clear that its 
effect was not primarily concerned with 
the viability of white versus wild type 
flies. The disadvantage of the white 
allele at eclosion compared with the wild 
type (red) allele seems to be mainly a 
result of the relatively greater success of 
wild type males in securing matings with 
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both red and white females. 

There can be no doubt that the compe- 
tition between males of different geno- 
types for mates is a very important factor 
in natural selection and it is reasonable 
to expect that there will be an extensive 
increase in the information available in 
this field before long. 


MATERIALS AND METHODS 


The reader is referred to the paper of 
Reed and Reed (1948) for a description 
of the population bottle technique. Ex- 
cept where indicated otherwise all stocks 
and experiments were in a constant tem- 
perature room held at 20° C. + 0.5° C. 

All the flies were descendants without 
outcrossing from a somewhat “isogenic” 
stock which had been derived in the fol- 
lowing fashion. 

Generation 1. ¢ white x 2 wild (Lau- 
sanne Special). 

Generation 2. @ heterozygote (from 
1) X ¢ wild (Lausanne Special). 

Generation 3. ¢ white (from 2) X 9 
wild (Lausanne Special). 

Generation 4. Q heterozygote (from 
3) X gf wild (Lausanne Special). 

This process was continued for thirty 
generations. Each generation in both the 
pure Lausanne Special stock and its deri- 
vative with the white gene present was 
produced by a single pair of flies. Thus 
the white gene, along with a few closely 
adjacent genes, was introduced into the 
inbred wild type Lausanne Special strain. 
An approximately isogenic stock should 
be a minimum prerequisite for any study 
of a competition between two alleles. The 
use of a sex-linked gene for the study has 
the advantage that spontaneous attempts 
of the stock to set up a balanced lethal 
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system would be detected at once, due to 
the deficiency of males, and prevented. 
The greatest advantage in the use of a 
sex-linked gene such as white comes from 
the fact that in studies of sexual prefer- 
ences one can tell whether or not a par- 
ticular female has mated with both the 
competing types of males or with only 
one type by observing her offspring. That 
is, one can tell which type of male she 
mated with and recognize the double- 
mating. 


VIABILITY OF WHITE AND WILD Type 
FLIES 


The relative viability of the flies of 
the competing genotypes from the time 
the egg is fertilized until release from the 
pupa case has occurred can be determined 
easily enough by counting the flies as 
they emerge. This was accomplished and 
two treatments, temperature and crowd- 
ing, were varied sufficiently to indicate 
whether they might be important causes 
of the results to be observed later in the 
competition. In these experiments F, 
females heterozygous for white were al- 
ways mated with white males. This sin- 
gle kind of backcross eliminates any com- 
petition between parents with different 
genotypes as the mothers all have one 
genotype (Ww) and the fathers all are 
alike (wY). The progeny from this cross 
are expected to segregate in equal num- 
bers of red and of white animals, if there 
has been no differential survival of white 
flies compared with red. 

Four experiments were carried out 
utilizing the four possible combinations of 
controlled temperature at 20° C. and room 
temperature at about 24° C. with lack of 
crowding (5 pairs‘of parents) and some 
crowding (25 pairs of parents). There 
were no significant deviations from the 
expectation of equal numbers of red and 
white-eyed flies in the four experiments. 
The grand total consisted of 12,979 flies 
with the wild type red phenotype (6,032 
males and 6,947 females) to 12,927 white 
flies (6,083 males and 6,844 females). 

The evidence is clear that neither the 


white-eyed nor red-eyed phenotype shows 
any selective advantage in viability from 
fertilization of the egg until appearance of 
the adult. Nor did moderate modifica- 
tions of temperature and crowding of | 
parents have any effect upon the survival 
of the different phenotypes of the off- 
spring. 

The evidence is likewise clear that males 
do not compare favorably with females in 
viability. Of the total of 25,906 flies in 
the four experiments there were 12,115 
(46.8%) males to 13,791 (53.2%) fe- 
males. The deviation from equality is 
10.4 times its standard deviation. The 
failure of males to show equal viability 
to that of females has been observed by 
many authors and it is in no way asso- 
ciated with the white-eye gene locus. 


SELECTIVE MATING OF THE RED VERSUS 
WHITE PHENOTYPES 


A number of interesting papers have 
been published by Dobzhansky and others 
which show that some matings between 
the same or different strains or species of 
Drosophila have a significantly higher 
frequency than others. Perhaps the most 
frequent type of experiment has been 
that in which males of one strain were 
placed with females of two strains, one 
of which was the same as the strain of 
the males. It could be assumed that the 
males “selected” one of the two types of 
females more frequently than the other. 
However, it is more likely that the ob- 
servations are more a measure of the 
ability, or lack of it, of the alien females 
to repel the males which fail to stimulate 
them to the point of copulation. 

Bateman (1948) states that, “It would 
seem desirable to carry out matings in 
which females were given a choice of 
males. Though there would be great 
technical difficulties, it would be informa- 
tive to obtain comparative data from both 
types of mating.” Perhaps, however, the 
technical difficulties are more apparent 
than real. If it cannot be told from the 
progeny what type mating has occurred 
then different types of flies may be marked 
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by small nicks in the wings and the mat- 
ings observed directly. This takes time 
but there are usually friends, relatives or 
students who are willing to serve as vol- 
unteer fly watchers. The use of sex- 
linked mutants to demonstrate the prin- 
ciples of selective mating is not at all 
difficult as demonstrated by Spett (1931) 
and Diederich (1941). Modifications of 
their techniques have been used in our 
work with the white-eye gene. 

Very small bottles, “creamers,” were 
made up each containing four virgin flies, 
less than eight hours of age. The four 
flies had these genotypes, 2 Ww, 2? ww, 
WY, and wY and remained together 
for 24 hours after which the males were 
discarded and each female was placed in 
a fresh creamer and left there by herself 
until the pupae, if any, appeared. At 
this time the female was discarded, a 
record having been kept of her eye color. 

If the female had white eyes and all 
her daughters had white eyes then the 
white male had succeeded in mating with 
her. If all the daughters had red eyes 
then the wild-type male was the father. 
If there are both red and white eyed 
daughters in any ratio, then at least one 
male of both competing genotypes had 
succeeded in mating with the white 
mother, such instances being called “dou- 
ble matings.” 

If the female had red eyes and all her 
daughters have red eyes the father was 
the red-eyed male. If half of the daugh- 
ters had red and half white eyes the father 
was the white eyed male. Any other true 
ratio of red to white-eyed daughters is a 
result of double matings. The number of 
double matings here is open to some 


small error but the number expected can. 


be predicted from the results of the white- 
eyed mothers which are not subject to 
this particular error. It is easy to make 
this error negligible by keeping the num- 
ber of double matings at a very low fre- 
quency. This is done by not allowing the 
competing males to be with the females 
for more than 24 hours. This precaution 
increases the routine labor considerably 


because 234 (39 per cent) of the 603 
females which survived in isolation for 
more than one week produced no off- 
spring and presumably were in most cases 
virgins. Females which died before they 
had been isolated for one week are not 
included in the data which accounts for 
the fact that the number of white and 
red females is not identical as shown in 
table 1, which gives the results of this 
experiment. 


TABLE 1. Results of the selective matings when 
both red and white phenotypes of both males 


and females are present 
Mating of | Mating of | 
White @ 90 64 154 
Red @ 100 105 205 
Double mating 6 4 10 
No offspring 116 118 234 
Totals 312 291 603 


The ten double matings shown in the 
table mean that ten red and ten white 
males were successful in mating with the 
same ten females. If ten males are added 
to the proper totals there will be 215 red 
males which succeeded in copulating, to 
164 white males, a rough ratio of 1.00 to 
0.75. The deviation from equality is 
statistically significant but not highly 
significant. 

Probably the low frequency of double 
matings is a result of the tendency of fe- 
males which have mated to repel a second 
male for some time. Rendel (1945) ob- 
served that females of Drosophila sub- 
obscura repel courting males immediately 
after mating. Mayr (1946) observed 
that females of D. pseudoobscura and D. 
persimilis were non-receptive for at least 
one hour after copulation. ) 

The data of table 1 indicate that white 
males were discriminated against by both 
white and red females and especially so 
by the red females. Red females mated 
with white males in only 38 per cent of 
the cases but white females mated with 
white males 48 per cent of the time. We 
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have no information as to why red males 
are accepted for copulation more fre- 
quently than white males. Perhaps there 
are many different factors involved. 
Whatever the factors concerned the dif- 
ferential acceptance of the two types of 
males over a span of many generations 
would decrease and probably eliminate 
the gene for white eyes from the popula- 
tion. The following experiment was done 
to test whether the rate of elimination of 
the white gene is roughly what would be 
expected from this mating differential. 


COMPETITION TO EXTINCTION 


Twenty population bottles were started 
on April 2, 1946. Due to one accident 
or another, such as contamination by 
molds or other Drosophila, breakage of 
bottles, or escape of a significant number 
of flies during change of food bottles, the 
twenty lines gradually dwindled to three 
and the experiment was finally terminated 
on March 26, 1948. By then the white 
gene had become extinct, as evidenced by 
the failure of any white males to appear 
during the last seven months of this pe- 
riod (about ten generations). The popu- 
lation bottles were kept in a constant tem- 
perature room at 20° C. during the two 
year period except for occasional short 
periods of time when they were removed 
for demonstration purposes. 

Each bottle was started with a total of 
twenty unmated flies, five red males, five 
white males, five white females and five 
heterozygous red females. This system 
has the advantage of an equal frequency 
of all four phenotypes at the beginning of 
the experiment. Hindsight shows, how- 
ever, that the experiment will proceed 
faster if the white females are not in- 
cluded in the initiation of the experiment. 
This latter system was adopted in studies 
of yellow, forked, raspberry and cut to be 
reported on by Merrell and Ludwin at a 
later date. 

Returning to the system actually used 
with the white gene, as stated above, there 
will be three times as many white genes 
present as wild type in the mothers. The 


males are equal as to red or white. The 
total gene frequency in the parents will 
be two white to one red. 

In calculating the expectations for red 
and white flies of the next generation we 
must take account of the observed fact 
found in the previous section on selective 
mating that the ratio of successes is 1.0 
for red males to 0.75 for white males. 
Consequently the expectation of geno- 
types in the first generation of daughters 
in the population bottles will be found as 
shown below. The sons should be in the 
ratio of 3 white to 1 red. 


1W 1WW |3Ww 


Fathers’ gametes 
(ratio of success) 0.75 w | 0.75 Ww) 2.25 ww 


From the above the percentage of 
daughters and sons of the various geno- 
types to be expected can be calculated 
with the following results : 


7.2% WW 
12.5% WY 


26.7% Ww!) 16.1% ww 


Daughters 
37.5% wY 


Sons 


Before we combine phenotypes, how- 
ever, one further weighting should be in- 
cluded, that of the deficiency of males in 
relation to females which is independent 
of eye color. In the section on viability 
it was stated that for all four experiments 
there were 12,115 (46.8 per cent) males 
to 13,791 (53.2 per cent) females. With 
these figures we may compare the counts 
of males and females obtained during the 
competition to extinction of the white 
gene in the population bottles. There 
were only 4,680 (43.3 per cent) males to 
6,122 (56.7 per cent) females in the 
counts made of the flies in the population 
bottles. Apparently conditions of crowd- 
ing, etc., were more severe in the popula- 
tion bottles than in the viability experi- 
ments, as the deficiency of males is greater 
in the population bottles. Consequently 
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Percentage White Flies —Population Bottles 


onm ep moose FEF EK EB 


Generations of Competition 


Fic. 1. Competition to extinction. Solid line is the observed 
curve for the loss and extinction of the white gene from the popu- 
lation. The loss is shown by the phenotypes of males and females 
combined. The broken line is the curve calculated for combined 
male and female phenotypes with white males at a disadvantage in 
selective mating as described in the text. 


the proportions of females which will be 
found in the population bottles will be as 
57 is to 43 for males. Multiplying the 
expected values for the different geno- 
types of females and males by 0.57 or 0.43 
gives the new expected results as follows: 


8.2% WW 
10.8% WY 


30.4% Ww) 18.3% ww 


Daughters 
32.3% wY 


Sons 


Without regard to sex the above gives 
49.4 per cent flies expected to have red 
eye color and 50.6 per cent white eye 
color. This is the first point on the dotted 
curve of figure 1 which gives the expecta- 
tion for white and red flies with the selec- 


tive mating ratio for eye color of 1.00: 
0.75 and the viability difference of females 
over males of 0.57: 0.43 also included. 

In the next generation the sons will be 
in the ratio of their mothers’ gametes, or 
0.468 W to 0.67 w. The proportions of 
daughters are given in the body of the 
diagram at top of next page. 

After weighing these proportions for 
the differential viability of the sexes we 
get an expected value of 51.4 per cent 
red-eyed flies to 48.6 per cent white-eyed. 
This gives the second point on the theo- 
retical curve of figure 1. These calcula- 
tions were continued until the expecta- 
tions for the white and red-eyed flies had 
been obtained, and the curve plotted, for 
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Mothers’ gametes 
0.468 W 0.67 w 
Fathers’ gametes .108 W 0.051 WW 0.072 Ww 
0.242 w 0.113 Ww 
(0.75 X 0.323) 


25 generations. The expected value for 
each genotype, expressed as a percentage, 
is given in table 2. The observed values 
for white and red flies of each sex are 
given in table 3. The material of both 
tables appears in figure 1. 


TABLE 2. Expected percentages of the competing 
genotypes. Calculated on the assumption that de- 
crease of the gene for white-eyes is due to the selective 
mating ratio of 1:00 red to 0.75 white and differen- 
tial survival of females to males of 0.57 and 0.43. 
Genotypes 1. and 2. will have the same phenotype 


384 | 168 | 18 | 3461) 84 
40.7 | 150 | 13 | 357 | 7.3 
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The curve calculated on the basis of 
the performance of the red versus white 
males (with the white males only three- 
quarters as successful as the red) is en- 
lightening as it demonstrated how fast the 
less successful gene is lost due to this one 
factor alone. The fact that the agreement 
between the calculated and observed 
curves is not precise is entirely accept- 
able as the agreement is sufficiently good 
to demonstrate that selective mating is 
the most important factor concerned. If 
there are other factors concerned they 
cannot be of great importance, or if they 
are, they cancel out, as the two curves 
are in fundamental agreement. 

Probably the major reason for the lack 
of smoothness and symmetry of the ob- 
served curve is the random gene fluctua- 
tion resulting from the small population 
size in individual bottles. The total pop- 
ulation size became small enough toward 
the end of the experiment so that the 
white gene was suddenly and completely 
eliminated. Had the population size been 
continuously larger the elimination would 
have been slower and more gradual. 


TABLE 3. Observed percentages of the competing phenotypes. Generation numbers calculated 
on a basis of 21 days per generation 


Phenotype 
Genere Number of 
bottles 1. Red 99 2. White 3. Red 4. White 

(WW and Ww) (ww) ) (wY) 

0 20 25.0 25.0 25.0 25.0 

3 20 45.9 14.0 21.7 18.4 

5 15 39.7 11.9 27.0 21.4 

8 12 47.1 9.5 26.0 17.4 

11 11 45.2 8.6 26.6 19.6 
15 8 47.8 7.4 29.4 15.5 
18 4 59.9 0.0 29.0 11.2 
20 4 55.5 0.2 35.6 8.4 
23 3 56.6 3.0 33.2 7.2 

25-35 3 No white flies of either sex were found 
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Professor Sewall Wright most kindly 
read this paper before it went to press. 
We wish to express our deep gratitude 
for his careful criticism and for the fol- 
lowing suggestions which he contributed. 

He suggested that in addition to curves 
showing the observed and expected pheno- 
types during competition, the reader would 
like curves for the sexes separately. Pro- 
fessor Wright, therefore, drew the neces- 
sary four curves after converting the data 
in tables 2 and 3. His rough graph, re- 
drawn, is given as figure 2. 

His other important suggestion was 
that we should also include a table giving 
the frequency of the white gene in the pop- 
ulation for each generation and that the 
value be obtained as g from the expres- 
sion = [(2/3) + (1/3) qm]. The 
value of gm is given directly as the pro- 
portion of whites among the males. The 
square root of the proportion of whites 
among the females gives an approxima- 
tion to the true value of qy. 

Table 4 gives the frequency of the white 


TABLE 4. The drop in frequency of the white 
gene in the observed population and in the calculated 
population on the assumption of a selective advan- 
tage of the red to white males of 1.00 to 0.75. 
Values for both the observed and calculated popula- 
tions obtained from the formula, 9=[(2/3)qy 
+(1/3)qm] 


Q for observed q for calculated 
Generation populations population 
0 0.667 0.667 
3 0.473 0.602 
5 0.468 0.550 
8 0.403 0.463 
11 0.407 0.411 
15 0.363 0.321 
18 0.093 0.263 
20 0.111 0.229 
23 0.197 0.179 
25 0.000 0.150 


gene calculated by the formula above for 
the observed flies and for the calculated 
values assuming, as before, a selective 
advantage of red to white males of 1.00 
to 0.75. The writers have made the cal- 
culations of table 4 and have plotted the 
two curves which may be obtained from 
the data. The curves were very similar 


Generations of Competition 


Fic. 2. Competition to extinction. Solid lines are the 
observed values for white males and white females, the 
broken lines the curves calculated for males and females 
expected with white males at a disadvantage in selective 
mating as described in the text. 
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in shape to the two shown in figure 1. 
This is not surprising as one would ex- 
pect the observed phenotypes and the cal- 
culated gene frequencies to reflect each 
other. Because of this similarity, and in 
the interests of printing economy, the 
curves on gene frequency will not be 
included. They can be plotted easily 
from table 4 if the reader is interested. 


DiscussION 


Genes with lethal or grossly deleterious 
effects obviously act directly to eliminate 
the organism possessing them from the 
population. In case of a mildly dele- 
terious gene such as that for white eyes 
one can assume that an individual with 
white eyes is at a disadvantage in com- 
petition with one having the wild type 
phenotype. It is of interest to know 
whether such mildly deleterious genes ex- 
ercise their damage via selective mating 
or as a direct result of the diminution of 
physical fitness as evidenced by survival 
of the fly, egg production or similar fac- 
tors. No doubt physical fitness, in the 
broad sense, is the important reason for 
selection in mating. But the importance 
of selective mating as the evolutionary 
mechanism by which the mildly dele- 
terious gene may be eliminated may have 
been underestimated in the past. 

Wallace (1948) studied the behavior of 
the chromosome carrying the “sex-ratio”’ 
condition in Drosophila pseudoobscura in 
laboratory competitions. All sorts of fac- 
tors are involved in this situation, as one 
would expect when working with a con- 
dition involving a whole chromosome with 
three inversions present. The factors 
evaluated for adaptive value can be as- 
cribed to the sex ratio chromosome but 
not to individual genes upon it. 

Da Cunha (1949) worked with a gene 
affecting the color of the abdomen of D. 
polymorpha which, under laboratory con- 
ditions, has increased survival of the het- 
erozygous type. As the author points 
out, “Attempts to clarify the mechanism 
of action of the selective process at work 


have not met with success!” It was in- 
deed a difficult problem as there were no 
isogenic strains of that species available. 
Considerable progress was made even 
though the effects noted could not be 
attributed entirely to the color genes. 

Bateman (1948 and 1949) provided in- 
formation on selective mating for various 
mutations and it would be most interest- 
ing if someone would test these values in 
extinction experiments in some form of 
population cage. 

Merrell (1949) found the selective mat- 
ing values for the sex-linked genes yellow, 
raspberry, cut and forked in stocks ap- 
proximately isogenic with the Lausanne 
Special stock used in the experiments of 
the present paper. Ludwin and Merrell 
are now carrying out the extinction ex- 
periments in population bottles for the 
above four genes. 

It is reasonable to assume that studies 
with a single allelic difference, or as close 
to it as “isogenic” strains can come, would 
have few non-canceling variables other 
than those resulting from the main gene 
difference. The agreement between the 
results observed and those expected for 
the white gene in competition, would in- 
dicate that its effect on the animal is via 
selective mating mainly and only second- 
arily through other factors which might 
cause elimination of white-eyed flies be- 
cause of decreased physical fitness. Were 
there other important factors than selec- 
tive mating which caused elimination of 
the gene, the frequency of white flies ob- 
served should have dropped below the 
calculated curve at a continuously accel- 
erating rate. In order to prevent this 
the white flies would have to have charac- 
teristics superior to the wild type com- 
petitors. This is not a likely assumption 
and the observed curve did not drop away 
from the expected until the white gene 
itself disappeared. Consequently, selec- 
tive mating seems to be the most impor- 
tant mechanism by which the white gene 
is eliminated from laboratory competi- 
tions. 
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CoNCLUSICNS 


The sex-linked gene which is responsi- 
ble for white eyes in Drosophila melano- 
gaster is a good example of a mildly dele- 
terious character which mutates with some 
frequency in nature but fails to establish 
itself in an appreciable part of the popu- 
lation. The mating behavior and viabil- 
ity of white-eyed flies and of the wild 
type red-eyed flies were studied under 
laboratory conditions, and with approxi- 
mately isogenic stocks. 

It was found that the flies with white 
eyes and those with red eyes were equally 
viable when tested at two different tem- 
peratures and at two conditions of 
crowding. 

The mating behavior of white and of 
red flies was strikingly different. Both 
red and white females discriminated 
against white males. The ratio of red 
males which succeeded in mating, com- 
pared with white males was 1.00 to 0.75. 
Using this ratio, a curve was calculated 
for the expected decrease in percentage 
of white flies from the fifty per cent white 
at the beginning of a competition until 
the white gene was actually found to have 
become extinct. The curve for the -ob- 
served decrease in white-eyed flies agrees 
roughly with the curve calculated for the 
selective mating ratio of 1.00 red males 
to 0.75 white males. If there were other 
important factors concerned with the 
elimination of the white-eyed flies from 


this “isogenic” strain the observed curve 
would have to drop away from the calcu- 
lated curve at an accelerated rate. As 
the observed curve shows no such phe- 
nomenon, the most important factor con- 
tributing to the decrease of the white 
gene in this laboratory competition, is 
apparently that of selective mating. 


LITERATURE CITED 


BateMAN, A. J. 1948. Intrasexual selection 
in Drosophila. Heredity, 2: 349-368. 

—. 1949. Analysis of data on sexual isola- 
tion. Evolution, 3: 174-177. 

Da Cunna, A. Brito. 1949. Genetic analysis 
of the polymorphism of color pattern in 
Drosophila polymorpha. Evolution, 3: 239- 
251. 

Drepertcu, G. W. 1941. Non-random mating 
between yellow-white and wild type D. 
melanogaster. Genetics, 26: 148. 

Mayr, E. 1946. Experiments on sexual iso- 
lation in Drosophila. VII. The nature of 
the isolating mechanisms between D. pseudo- 
obscura and D. persimilis. Proc. Nat. Acad. 
Sci., 32: 128-137. 

Merrett, D. J. 1949. Selective mating in 
Drosophila melanogaster. Genetics, 34: 370- 
389. 

Reep, S. C., anp E. W. Reep. 1948. Natural 
selection in laboratory populations of Dro- 
sophila. Evolution, 2: 176-186. 

Renver, J. M. 1945. Genetics and cytology of 
Drosophila subobscura. Ul. Normal and se- 
lective matings. J. Genetics, 46: 287-302. 

Srett, G. 1931. Gibt es eine partielle sex- 
uelle Isolation unter den Mutationen und der 
Grundform von Drosophila melanogaster? 
Z. I. A. V., 60: 63-83. 

Wat ace, B. 1948. Studies on “sex-ratio” in 
Drosophila pseudoobscura. Evolution, 2: 
189-217. 


i 
ty 
+ 
¢ 
: 
a 
oa 
’ 
* 
? 
4 
= 
* 
& 
4 
RY 
> 
4 
be Ka 
4 
+ 
>. 


THE ECOCLIMATIC DIVERGENCE OF ANOPHELES 
BELLATOR AND A. HOMUNCULUS 


Courn S. PirrenpricH 
Department of Zoology, Columbia University, New York City® 


Received November 25, 1949 


INTRODUCTION 


A well defined ecological complex 
stands behind the endemic malaria of cen- 
tral Trinidad B.W.I. Transmission is 
due to two closely-related forest anophe- 
lines, Anopheles (Kerteszia) bellator D. 
and K. and A. (K.) homunculus Komp.* 
Both these species breed exclusively in 
the interfoliar niches of water found in 
bromeliads. Malaria occurs where the pe- 
culiar climatic requirements of both the 
bromeliad flora and the mosquitoes are 
met in cacao plantations immediately abut- 
ting villages (Downs and Pittendrigh, 
1946 and 1949). 

The ecology of the bromeliads in gen- 
eral, and in their peculiar role as anophe- 
line breeding ground, has already been 
discussed elsewhere (Pittendrigh, 1948, 
1950a). The two remaining papers of 


1This paper is No. III in the series “The 
Bromeliad-Anopheles- Malaria Complex in Trin- 
idad, B.W.I.” 

2 The studies on which this paper is based 
were made under the joint auspices of the Trini- 
dad Government and the International Health 
Division of the Rockefeller Foundation. 

8 Present address: Department of Biology, 
Princeton University, Princeton, N. J. 

4 The adult females of these two species are 
almost identical: the only usable distinction is 
the relative size of the white bands on the fifth 
tarsal segment of the hind legs. The males are 
easily separated by the same character as well 
as by their genitalia (Komp, 1937). The larvae 
usually differ in color and the postspiracular 
hair but neither of these characters were suffi- 
ciently reliable in our experience to be used for 
certain identification. All larval samples were 
therefore reared for identification. Anopheles 
(K.) anoplus and A. (K.) sp. nov., cited by 
Downs, Gillette, and Shannon (1943) are known 
only from single specimens and there is reason 
to doubt the validity of both species. A. (K.) 
bellator and A. (K.) homunculus are, then, the 
only bromeliad breeding anophelines in Trini- 
dad. 
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this series are concerned with the ecologi- 
cal relationships of the two anopheline 
species. An appendix to the present paper 
discusses the ecology of the mosquitoes in 
relation to their status as malaria vectors 
in various parts of the island of Trinidad. 

The ecological study of the mosquitoes 
has been directed at answering the fol- 
lowing questions. 

(1) To what extent are the distribu- 
tions of the two species (which are for 
the most part sympatric in Trinidad) dif- 
ferent ? 

(2) Are the differences that do exist 
determinate in the sense that they can be 
related to an adaptive differential be- 
tween the species ? 

(3) What are the ecological relations 
between the species in the area where they 
co-exist? Are they out of competition 
with respect to each other as theoretically 
is to be expected? (cf. Crombie, 1947). 

(4) How are adaptive differences re- 
sponsible for geographic replacement re- 
lated to the adaptive differences eliminat- 
ing or reducing competition in the over- 
lap area? 

(5) What bearing do the ecological re- 
lations between the species have on the 
problem of their origin? 

Two kinds of interspecific ecological 
differences have been detected: (1) a dif- 
ference in microclimatic requirements and 
(2) a difference in the utilization of dif- 
ferent bromeliads as breeding places. 

The present report is concerned purely 
with an analysis of the microclimatic dif- 
ferences between the species as they re- 
late to the first two questions above: i.e., 
to distribution differences caused by an 
adaptive differential between the species. 

The ecological problems of the co- 
existence of the two mosquitoes in the 
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large overlap area, and the general evolu- 
tionary significance of all the results, are 
reserved for the following paper. 

Since a variety of different problems 
and techniques is involved methods are 
described in passim. The general climate 
of the island and the structure of the 
vegetation types involved in this work 
were described previously (Pittendrigh 
1948). 


THE GEOGRAPHIC DISTRIBUTION OF THE 
Two ANOPHELINE SPECIES 


Methods. The geographic distribution of the 
anophelines is intimately related to the distri- 
bution of rainfall in Trinidad. In this discus- 
sion reference is made constantly to seven cli- 
matic zones which are delimited primarily on 
the basis of rainfall. These zones, indicated in 
figure 1, are designated A through G, and have 
been described in a previous paper of this 
series (Pittendrigh, 1948) to which the reader 
is referred for a detailed map of the distribu- 
tion of rainfall. A is the wettest zone with 
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over 250” rain per annum; B has about 200”; 
C, which comprises two distinct areas, has about 
125”; D has 90-110"; E, 70”-90"; F, 50’- 
70”; and G has less than 50”. 

Data bearing on the variation of mosquito 
densities in the various rainfall zones are given 
in table 1 and figure 1. The adult densities are 
derived from 114 man hours of catching (human 
bait) during the peak period of mosquito activ- 
ity from 5:30 p.m. to 7:30 p.m. All these cap- 
tures were made in the wet season near habita- 
tions in cacao plantations. 

The procedure employed in evaluating larval 
densities in the various zones requires explana- 
tion. The sampling in each zone was made by 
first recovering the total larval population from 
60 plants of Gravisia aquilega which is the larg- 
est bromeliad regularly encountered in cacao 
plantations throughout the island. The 60 
plants in each sample were all taken from 
branches below 20 feet above ground because 
the density of larvae is known to fall sharply 
at higher levels (Pittendrigh, 1950a). The 
mean density of larvae per plant of Gravisia 
aquilega is in itself not an accurate estimate 
of larval density for the given rainfall zone, 
since the densities of all the bromeliad species 


TABLE 1. Geographic variation of the anopheline population in rainfall cones 
Rainfall zones 
B Cc D E F 
Ca. 200” Ca. 125” 90-110" 70-90” 50-70” 
A. Adult mosquito captures 
5:30 P.M.—7:30 P.M. 
Wet seasons 1942-44 
(1) No. of samples (total 5(8) 7(38) 21(37) 6(20) 11(15) 
man-hours in brackets) 
(2) Mean densities in b| 1.0+0.7 | 24.9 +1.6) 30.1 411.8) 3.2 41.8) 0.2 +0.2 
mosquitoes/man-hour 4.2 +14, 0.1 + 0.1) 0.1 40.1) 0.0 
(3) h/b 12.4 0.2 
B. Larval densities, July 1945 
(1) Breeding ground unitsf 23.5 36.1 29.1 11.1 
per tree 
(2) Larval density per plant jb 141+ .3) 0.602 .1| 0.244 0.034 .03 
of G. aquilegat h 0.40+ .4; 0.00 0.00 0.00 
(3) Estimated larval density {|b 33.1 21.7 6.9 0.3 
per tree h 9.4 0.0 0.0 0.0 
C. Miscellaneous Larval Samples 
(1) Total bromeliads examined 1194 359 1409 187 193 
(all spp.) 
(2) Total larvae 431 1058 1755 52 0 
(3) h/b 27.8 0.02 <0.01 0 0 


t Each unit equivalent to 1 plant of G. aquilega. 


t Mean density based on a sample from 60 plants. 


b = bellator. 
h = homunculus. 
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are subject to variation, and independently of 
each other, from zone to zone ( Pittendrigh, 
1948). This difficulty was met as follows. A 
survey was made of the bromeliad flora® in 
each zone concurrently with the larval sam- 
pling. It yielded data on the mean frequency 
per tree of all bromeliad species. A coefficient, 
termed the “breeding index,” has been experi- 
mentally obtained for all the bromeliad species 
involved (Pittendrigh, 1950a). It expresses as 
a decimal fraction the number of larvae a given 
bromeliad species supports relative to the num- 
ber supported by Gravisia aquilega under com- 
parable experimental conditions. Clearly, if the 
frequency per plantation tree of all bromeliad 
species is multiplied by the appropriate breed- 
ing index, and all the products summed, we 
arrive at an estimate of the size of the total 
breeding ground per tree. This is itself an 
estimate of the size of the breeding ground per 
unit area because plantation trees are spaced 
constantly throughout the island. It is to be 
noted that the size of the breeding ground is 
expressed in units each equivalent to one plant 
of Gravisia aquilega. Since the density of 
larvae per plant of G. aquilega has been deter- 
mined by direct observation we can then esti- 
mate larvae per unit area. 


Distributions. The two anophelines 
have a fairly wide total distribution in 
Trinidad which is centered in the wet 
northeast part of the island. One of the 
most striking features of the distribution is 
the very great area in which the two spe- 
cies coexist (fig. 1). There is a relatively 
small region in the wet mountain valleys 
in the northeast (zone B) where the popu- 
lation is composed almost completely of 
homunculus.© However this area is cer- 
tainly not more than 10 per cent of the 
total homunculus range which is there- 
fore virtually included in that of bellator. 
It is in zone B that homunculus densities 
are at their maximum; and this is the wet- 
test section of the island where either spe- 
cies occurs. The incidence of homunculus 


5 The results of this survey of the geographic 
variation of the bromeliad flora have already 
been discussed in some detail from the botanical 
viewpoint (Pittendrigh, 1948). 

®In addition to those five evening flights 
(table 1) in zone B on which quantitative rec- 
ords were made, the writer has experienced 
many Kertessia flights in B areas that were 
composed entirely of homunculus; and there is 
no doubt that in the wettest parts of zone B 
bellator is completely absent. 


declines sharply in the lower reaches of 
the valleys (zone C) and continues de- 
clining to the south and west as rain- 
fall level decreases. Zone D is probably 
the driest area in which this species ever 
occurs, even in forest. Here it is already 
absent from cacao plantations. (There 
are marked differences between the mos- 
quito populations of forest and plantation 
in each zone, and the significance of this 
is explained later.) 

A. bellator populations on the other 
hand are not at their maximum density 
in the wettest areas. This species be- 
comes progressively more abundant from 
zone B through zone D: it then becomes 
less abundant again in the drier E and F 
zones where homunculus is already en- 
tirely missing. A. bellator is itself com- 
pletely absent from areas with 50” rain 
and less (zone G) even though, as will 
be further discussed later, adequate breed- 
ing facilities in the form of water holding 
bromeliads are present. 

The general correlation of mosquito 
density with rainfall level is clear, and 
further analysis is undertaken on the 
working hypothesis that the distributions 
are to be accounted for in terms of an in- 
terspecific difference in water relations. 
Thus it is supposed that homunculus tol- 
erates and requires higher humidity levels 
than bellator. 

Clearly if‘there is such an adaptive dif- 
ferential between the species it should 
manifest itself in their microdistribution 
on humidity gradients in the area of over- 
lap where the species can be compared. 
The hypothesis is tested in this way. 
The distributions of the two mosquitoes 
are compared as follows: (1) on the pro- 
file of forest which offers a well marked 
gradient of microclimate, wettest near 
the ground and driest in the canopy (cf. 
Pittendrigh, 1948) : (2) in the daily cycle 
of feeding activity which is associated 
with a pronounced cycle of microclimatic 
change: (3) in adjacent vegetation types 
which by virtue of different heights and 
densities offer different internal micro- 
climates. 
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THE DIVERGENT CLIMATIC REQUIRE- 
MENTS OF THE Two SPECIES IN 
THEIR AREA OF OVERLAP 


All the observations in this section were 
carried out in the Carapa-Eschweilera 
forests and the cacao plantations of Ta- 
mana which is in the C zone (fig. 1). 


Methods. For observation of the vertical dis- 
tribution of the mosquitoes, three series of plat- 
forms were built at distinct stations designated 
in the text as A, B, and C. The first two series 
(A and B) were built in the Carapa-Eschwei- 
lera forest, and C was built in an adjacent cacao 
plantation. The platforms in each series were 
built on or around a single tree at successive 
height intervals of ten feet. Each platform is 


Man Hour 
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Fic. 1. The geographic variation of anopheline density (adult 
and larval data) ; its correlation with rainfall level; and its inde- 
pendence of the size of the total potential breeding ground (cf. 


table 1). 
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. Map of capture stations and breeding 

B, and C are the three series of plat- 
forms. Ca, Cb, Cc, and Cd are ground level 
stations (adult captures) in plantation. 1, 2, 3, 
4, 5; a, b, c, and d are breeding plots. Va is 
a house veranda. 


designated by a combination of the station letter 
and the height. Thus, we have A5, Al5 etc. to 
A55; B5 to B75; and C5 to C45. The A and 
B platforms stood in two markedly different 
pieces of forest. A was on a gentle slope 
where the trees were relatively low and open 
resulting in a heavy undergrowth. The B plat- 
forms were in a ravine where the trees were 
extremely tall. The forest was shadier than in 


A and freer of undergrowth. In addition to 
the forest platforms, other capture stations on 
the ground were used. The distribution of all 
is seen in figure 2. 

The platforms were intended for the study — 
of the vertical distribution of both breeding and 
feeding activities. They were 10 feet square. A 
small part of the total area was boarded over 
and used by mosquito catchers sampling the 
distribution of feeding. Only human bait was 
used. One man was stationed at each platform 
or ground station to be sampled and caught 
mosquitoes coming to feed on himself. Suction 
tubes were used. Three measures were adopted 
to minimize errors in sampling: (1) all catchers 
were tested against each other to exclude 
marked differences in attractivity to mosquitoes ; 
(2) all catchers wore short trousers and had 
their arms bare while working. Mosquitoes 
were caught from the arm and leg; (3) one 
catcher never caught at the same platform on 
successive samplings. A regular rotation was 
maintained, possible differences in efficiency and 
attractivity being distributed throughout the 
range of levels sampled. Table 2 gives a list 
of the series of captures which comprise the 
present data. 

A Weston light meter and a sling hygrometer 
were available at the beginning of the work and 
were used in obtaining the environmental data 
that accompany the mosquito data for capture 
series no. 2, and elsewhere. The light meter 
soon failed, and measurement of environmental 
factors was restricted to the use of a sling 


TABLE 2. List of mosquito capture series (feeding activity) 


No. of 
cs days Dates 


Stations sampled 


Capture mid-points 


1 10 | iii.28-iv.1.44 AS, A25, A5S5 


,10:00, 11;00 a.m., 12 Noon, 2:00, 
3:00, 4:00 P.M. 


2 9 | viii.21-viii.31.44) AS, A15, A25, A35, A45, ASS (8:15, 9:15), (10:15, 11:15 a.m.) 


(12:15, 1:45), (2:45, 3:45), (4:45, 
5:45), 7:15 p.m.* 


3 5 |ix.13-ix.21.44 AS, A55, Fa. 8:15 a.m. to 4:15 p.m., hourly 

+ | iii. 7-iii.9.45 B5, B45, B75 1:15 to 8:15 p.m., hourly 

5 4 |iv.3-iv.9.45 C5, C25, C45 1:15 to 8:15 p.m., hourly 

6 5 |iv.26—v.1.45 BS, B15, B25, B35, B45, B55, | 10:15, 11:15 a.m., 12:15, 1:15, 2:15, 
B65, B75; C5, C15, C25, C35, } 3:15, 5:15, 6:15 7:15 p.m. 
C45 

6a 3 | v.2—v.4.45 BS, B25, B45, B65; C5, C25, C45 | —as in CS6— 

7 4 |v.18-v.21.45 B5, B45, B75; C5, C45. Ca. Va. | —as in CS6— 

8 5 | vi.6—vi.13.45 Fc, Cb, Cc, Cd —as in CS6— 

9 3 | viii.2-viii.7.45 | BS, B25, B45, B65 —as in CS6— 


CS = capture series. 
All captures lasted $ hr. except those marked (*) which lasted 1} hr. Times given are capture mid- 
points. The number of days given is that of days actually spent in catching: the dates, however, are 
of first and last days in the series during which some days may have been lost due to rain, etc. All 
stations listed in a given capture series were sampled simultaneously. Captures grouped in brackets 


are lumped in table 4. 
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hygrometer when this was available. The light 
meter was used during capture series no. 2 as 
follows. The sensitive cell was exposed verti- 
cally at each observation by placing it on a 
fixed horizontal bench. Sun flecks were always 
avoided by sliding the cell horizontally across 
the bench. Every thirty minutes three readings 
were made thirty seconds apart. The entries in 
table 3 for the hourly light intensity are there- 
fore means of 54 (69 days) readings. The 
noon light intensity in table 4 and figure 4 is 
underestimated, since in at least 50 per cent of 
the readings involved, the pointer passed beyond 
the calibration on the dial. This does not, 
however, affect the utilization of the data as 
their significance lies merely in the fact that 
the light changes are symmetrical about the 
noon high point. Humidity and temperature 
data given in table 4 and figure 5 were ob- 
tained with the sling hygrometer at the same 
time as light readings were made and are there- 
fore similarly based on six readings per hour. 
The total data obtained in this study are too 
bulky, even in summarized form, to reproduce 
here. Detailed summaries for all the capture. 
series not given here are being deposited in the 
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Princeton University Library and are available 
for inspection. 


Activity cycles in relation to humidity. 
Tables 3 and 4 show for both species 
the changes in density (expressed as mos- 
quitoes per man-hour of catching) that 
occur throughout the day. The activity 
cycle of both species is the type which 
Haddow (1945) refers to as “eocrepuscu- 
lar”: that is, activity is high in the early 
morning and early evening and falls to a 
distinct trough during the middle of the 
day. It was impracticable to make routine 
observations on the forest platforms after 
dark owing to the danger involved; this 
was done, consequently, in only two cap- 
ture series, nos. 4 and 5. The two sets of 
data obtained from these observations 
(table 3) show that the increase of ac- 
tivity from 4 P.M. to 7 P.M. which was 
manifest in all the series, is followed by 


TABLE 3. Activity cycles for the capture series discussed in this paper 


Capture midpoints 
A.M. P.M. 
8:15 9:15 | 10:15 | 11:15 | 12:15 | 1:15 2:15 3:15 | 4:15 | 5:15 6:15 73 8:15 
CS2 b 8.1 | 7.5 8.1 5.6| 44 | 1.7 1.8 | 2.1 | 3.2 6.9 22.7 
h 1.4; 0.6! 0.7 | 0.3 | 03 04 | 04 0.5 5.1 
CS4 b 7.6 | 4.7 | 7.1 5.3 4.0 | 61.6 |101.5 | 30.2 
(F) h 3.1 | 2.4) 1.3 1.1 0.7) 4.7) 25.5} 13.3 
CS5 b 2.3 | 1.2 | 1.2 | 2.7 4.0 | 37.2 |164.8 | 15.2 
(P) h 0.5 | 0.5 | 0.3 | 0.7 1.3) 4.5] 17.1] 7.1 
CS6 b 10.0; 5.4) 49) 29 | 1.9] 1.5 2.4 | 21.2 |124.8 
(F) h 5.2} 2.3} 1.8] 1.3 | 0.8 | 0.6 5.1 | 30.8 
CS6 b 8.5; 5.8) 2.8 | 34 | 36] 3.8 11.6 | 56.0 |146.0 
(P) h 3.7} 2.2] 1.3 | 1.3 | 1.8 | 2.3 3.8 | 11.9} 29.0 
CS6a b 21.5 | 27.5) 88 | 7.0 | 7.6 | 6.0 13.7 | 43.0 |137.5 
(F) h 17.8 | 12.1) 5.7 | 4.5 | 3.7 |] 24 5.5 | 8.7 | 54.8 
CS6a b 6.3) 7.8| 44 | 4.7 | 3.3 | 3.8 13.3 | 69.1 | 69.4 
(P) h 43} 2.2] 1.3 | 2.7 1.1 1.3 6.9 | 16.4) 15.8 


per man per hour. 
F = forest. 
P = plantation. 


Data on the other capture series have been deposited in the Princeton University Library. Entries 
in the table are mean densities for all levels sampled during the period, and expressed as mosquitoes 
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Fic. 3. Smoothed curves to illustrate the 
precession of A. bellator evening activity. Den- 
sities at 5, 6, 7, and 8 p.m. are expressed in per 
cent of the total for 5 p.m. to 8 p.m. 

Capture series nos. 4 and 5 (cf. table 3). 


Taking the 3 day totals for CS no. 4 we 
have: 5:15 p.m. 18b, 3h; 6:15 p.m. 277b, 21h; 
7:15 p.m. 457b, 115h; 8:15 p.m. 136b, 60h. 
Chi-square = 46; d.f.=3; P, negligible. 

Taking the 4 day totals for CS no. 5 we 
have: 5:15 p.m. 24b, 8h; 6:15 p.m. 223b, 27h; 
7:15 p.m. 989b, 103h; 8:15 p.xt. 91b, 43h. 
Chi-square = 63; d.f.=3; P, negligible. 


a sharp decline between 7 p.m. and 8 P.M. 
(fig. 3). 

The trough of activity in the middle of 
the day reaches its lowest point well after 
noon: the majority of series show the 
lowest density during the 2:15 or 3:15 
P.M. captures. This asymmetry of the 
activity curve about noon is an important 
feature, since it is highly indicative of the 
microclimatic variable in relation to 
which the distribution of mosquito ac- 
tivity is oriented. 

Capture series no. 2 is the only series 
for which there are data on the micro- 
climatic cycle for comparison with mos- 
quito distributions (table 4 and fig. 5). 
There is clear asymmetry about noon in 
the activity curves for both bellator and 
homunculus. Of the three microclimatic 
variables studied, light shows the least re- 
lationship to the mosquitoes’ activity: 
the light changes are completely sym- 
metrical around the noon high point. 
This is not the case, however, for either 
temperature or humidity: both show a 
marked lag behind light, and reach their 
highest and lowest points respectively in 


the early afternoon. It is the humidity 
curve which is most clearly related to the 
activity cycle of the anophelines. 

The daily lag of temperature and hu- 
midity changes behind the movement of 
the sun is a familiar meteorological ef- 
fect. Its extent, as Haddow (1945), for 
instance, has noted, is accentuated in 
dense vegetation. The present mosquito 
data give some indication that, as would 
be expected on this view, the lag is less 
marked in open vegetation. In capture 
series nos. 6, 6a, and 7, captures were 
made throughout the day simultaneously 
in forest (the B platforms) and in the 
more open cacao plantation (the C plat- 
forms). In all three series the midday 
low-point of activity in cacao precedes 
that in forest (table 3). This is particu- 
larly clear in capture series no. 6 (fig. 4) 
in which the largest samples were taken. 
It is clear that while density of vegetation 


= Tm 


Fic. 4. Difference in activity cycles in forest 
and plantation: the midday trough and late 
afternoon rise in activity occur earlier in the 
plantation than in the forest. Each curve is a 
log plot of density (in mosquitoes per man- 
hour); densities from table 3. The points of 
lowest density in forest and plantation have 
been equated to facilitate comparison of the 
vegetation types; for the same reason the two 
species are treated separately. 


b = bellator, h = homunculus. 
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TABLE 4, The vertical and temporal distribution of mosquito biting activity in relation 
to microclimate in forest 


AM. P.M. 
Capture midpoints Totals 
Sa 8:45 | 10:45 | 1:00 | 3:15 | 5:15 7:15 
Anopheles homunculus 
ie 55 s 2 0 o | 12 45 32 
a 45’ 16 11 5 5 12 14 13 
ae 35’ 27 12 5 10 27 13 15 
Waal 25’ 17 18 28 16 7 12 14 
Bea 15’ 19 30 48 53 15 9 15 
Re Vertical distribution 5’ 13 27 14 16 27 7 11 
3 (in per cent) | Anopheles bellator 
s ss’ | 23 | 17 7 | 2 | 22 34 38 
45’ 38 25 26 25 23 24 26 
35’ 23 28 33 21 21 15 10 
25’ 8 12 19 18 12 11 11 
15’ 5 15 12 11 15 11 11 
5’ 3 3 3 5 7 5 + 
Total mosquitoes caught b 373 371 132 101 272 1837 3086 
h 83 56 21 19 26 411 616 
Mean density (in mosquitoes b 7.8 7.2 2.9 2.0 5.2 22.7 
per man hour) h 1.7 1.1 0.5 0.4 0.5 5.1 
Per cent distribution of mean b 16 15 6 4 11 48 
densities h 18 12 5 4 5 55 
Mean height (in feet) b 40.6 36.0 33.8 35.6 35.3 39.4 
h 28.8 24.1 18.6 18.4 26.6 40.5 
Mean light intensity at ground 11.3 28.9 35.0 21.3 7.9 0.6 
level (units) 
Mean temperature (°F.) at 77.0 79.8 80.7 80.3 80.0 77.3 
_ ground level 
Mean relative humidity at 93.4 90.1 88.1 88.2 92.4 96.3 


ground level 


CS2, 9 days catching. 

b = bellator, h = homunculus. 

The significance of the morning and evening differences between the activity cycles of the two species 
has been tested. The morning difference is not statistically significant in the present data, but the 
evening difference is overwhelmingly so. Taking the 9 day totals for each species in the separate 
capture periods listed in table 2 we have: 3:45 P.M. 57b, 12h; 4:45 p.m. 86b, 12h; 5:45 P.M. 186b, 14h; 


7:15 p.m. 1837b, 411h. 
Chi-square = 17, d.f. = 3, P = <0.01; with the largest contribution to chi-square at 5:45 P.M. 


See also table 5. 
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wil not affect the symmetry of the light 
curve, it will affect the humidity curve; 
and the discrepancy between the activity 
cycles in forest and in plantation consti- 
tutes corroboration of the conclusion that 
the midday depression of mosquito ac- 
tivity is related to humidity changes. 
Vertical distribution in relation to ac- 
tivity cycle and humidity. The distribu- 
tion of the two anophelines as shown in 
table 4 is by no means random on the 
vertical gradient of microclimate within 
the forest. It is evident that the pattern 
of vertical distribution for each species 
undergoes a cycle of shifts throughout 
the day and this cycle follows the curve 
of total mosquito density changes, i.e., the 
activity cycle (fig. 5). In both species 
the vertical distribution of activity shifts 
downwards in successive periods through- 
out the morning and early afternoon, 
matching the decrease in total activity. 
The important feature to be noted is that 
the lowest distribution of activity on the 
vertical gradient of microclimate, like the 


lowest point on the activity cycle curve, 
occurs well after noon. 

This is clear evidence that the shift of 
mosquito activity downward on the gradi- 
ent of forest microclimate is, like the 
changes in total density (the activity 
cycle), related to the decrease in humid- 
ity. Were the vertical distribution of the 
mosquitoes an orientation primarily to the 
light gradient, the downward shift should 
cease immediately after noon. As it is, 
it does not cease—and this is particularly 
clear in the case of homunculus—until 
after 3 p.m. when humidities begin to 
rise. 

The upward shift of the distribution 
continues, on most evenings, until activity 
is concentrated in the highest levels sam- 
pled. Thus, during the crepuscular pe- 
riod when the density of feeding mos- 
quitoes is highest, their activity is dis- 
tributed overwhelmingly in the canopy of 
the forest. At this time the whole forest 
profile is evidently near saturation (cf. 
table 1 in Pittendrigh, 1948). 


TaBLe 5. Total mosquitoes caught, the interspecific ratio, and the precession of 
bellator activity in the evening 


Rate of increase of density 
Total mosquitoes caught 
cs h/b 6 p.m./S P.M. 7 p.m. /6 P.M. 
b h b>h b>h b<h 
1 201 68 34 

2 3086 616 .20 66 < 69 2.2>1.1 3.3 < 9.8 
4 999 235 .24 89 > 85 15.4 > 7.0 1.6 < 5.5 
5 1371 193 .14 97 > 94 93 >3A4 44 >3.8 
6 (B) 3458 964 .36 86 > 78 9.0 > 3.2 5.9 < 6.1 
6 (C) 2994 706 .24 89 > 79 5.0 > 3.2 2.6 >2.4 
6a (B) 1593 654 Al 73 > 63 3.2 > 1.6 3.2 < 6.3 
6a (C) 810 228 .28 84 > 77 5.2 > 2.4 1.0 = 1.0 
7 (B) 1369 345 .25 70 > 61 3.5 > 1.5 0.9 < 2.6 
7 (C) 543 127 .24 88 > 81 8.9> 1.1 1.6 < 3.0 
7 (Ca) 99 25 25 81 < 92 13.2 > 2.2 0.9 < 1.1 

7 (Va) 39 3 .08 95 < 100 > 0.0 24> 
8 (Fc) 157 96 .60 89 > 45 7.5> 1.4 2.0 < 2.6 
8 (Cb +c) 374 100 .30 91 > 89 8.6 > 5.3 2.2 < 3.0 
8 (Cd) 622 81 .10 80 > 57 3.0 < 3.5 3.9 > 2.0 
9 (B) 2381 677 .29 56 > 52 1.8 < 3.5 1.3 < 2.3 


See text for detail. 
b = bellator. 
h = homunculus. 
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TABLE 6. The differential elimination of A. homunculus in open vegetation (cacao plantation) 


Time of onset of 
Total mosquitoes caught h/b bellator's evening 
activity 
Forest Plant’n 
f>p f>p 
b h b h 
April 26 1122 240 610 86 0.21 0.14 6:30 5:45 
27 763 264 642 196 0.35 0.31 5:45 4:45 
28 301 80 522 85 0.27 0.16 6:45 6:00 
29 287 104 597 164 0.36 0.27 6:00 5:45 
May 1 985 276 623 175 0.36 0.36 6:00 4:45 
2 517 210 299 86 0.41 0.35 5:45 3:45 
3 611 257 265 78 0.42 0.29 4:15 5:00 
4 465 187 246 64 0.40 0.26 5:15 4:15 
Capture Series 6 and 6a. 


b = bellator. 

h = homunculus. 

Comparing the h/b fraction in forest (f) and plantation (p), it is higher in forest with a mean 
difference (f — p) of 0.08 + 0.014 from which t = 5.9, d.f. = 7, p= < 0.01. See footnote no. 
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Fic. 5. Cycle of microclimate, mosquito densities, and verti- 
cal distribution. Capture series no. 2 (cf. table 4). 
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The interspecific difference in humidity 
requirement. The general correlation of 
activity cycle and vertical distribution 
with the humidity curve applies to both 
species. There is, however, a clear in- 
terspecific difference between the anophe- 
lines in their response to the humidity 
changes. 

In capture series no. 2 (table 3) which 
is the only series that samples the early 
morning period between 8 a.m. and 10 
A.M., the initial drop in humidity during 
this period is followed by a sharper drop 
in the density of homunculus than in that 
of bellator. Conversely, the increase in 
densities in the late afternoon occurs later 
in the case of homunculus (fig. 5). Fig- 
ure 3 shows particularly clearly the lag of 
the evening peak of homunculus activity 
behind that of bellator. 

The fact that the initial increase of 
homunculus densities occurs at a later 
(wetter) period than that of bellator is 
evident throughout the data for the other 
capture series. In table 5 the rate of in- 
crease of the density of the two species 
from 5 p.m. to 6 p.m. and 6 P.M. to 7 P.M. 
is given as two simple factors. It is evi- 
dent that during the earlier interval (5 
P.M. to 6 p.M.) bellator densities increase 
at a greater rate than do those of ho- 
munculus. Conversely, in nearly all cases, 
homunculus increases faster during the 
later interval.’ 


7 There is a feature of the statistics given in 
table 5 which requires comment. Expressing 
the activity of each species between 5 p.m. and 
7:30 p.m. as a per cent of their respective total 
activity throughout the entire period sampled, 
it is found that the bellator per cent exceeds 
that for homunculus. On the face of it this 
might suggest that bellator’s activity is rela- 
tively more reduced than homunculus’ by the 
low midday humidity. This is not a valid con- 
clusion however. The difference between the 
species in the per cent value of their 5 P.m.- 
7:30 P.M. activity is due to the delay of homun- 
culus behind bellator in rising to its evening 
maximum; this coupled with the cessation of 
sampling at 7:30 p.m. before the evening flight 
is finished, leads to an underestimation of the 
homunculus evening activity relative to that of 
bellator and a consequent overestimation of its 
(homunculus’) midday activity. 


The two species differ in their vertical 
distributions even more markedly than 
they do in their activity cycles. It is 
abundantly clear throughout all capture 
series that, with the significant exception 
of the evening period, homunculus occurs 
at lower levels than bellator (table 4; fig. 
5). The exception of the evening period 
(fig. 8) is significant because it is the only 
period of all those sampled when the 
gradient of microclimate within the forest 
is eliminated: the two species differ in 
their relation to one of the microclimatic 
variables. 

Now it has already been seen that the 
activity cycle and the cycle of shifts of 
vertical distribution are both correlated 
with humidity rather than with light, 
in that both are asymmetric about noon. 
The interspecific difference is then in- 
terpreted as a difference in humidity re- 
quirement. Thus, as humidity falls in 
the morning homunculus densities fall 
sooner than those of bellator and the shift 
in homunculus vertical distribution not 
only occurs sooner and proceeds further, 
but persists longer; that is, like the rise 
of the activity curve in the evening, the 
upward shift of distribution occurs later 
(when humidities are higher) in the case 
of homunculus than in bellator (fig. 5). 

The differential elimination of A. ho- 
munculus im epen vegetation. It follows 
that if the pattern of relative abundance of 
the two anopheline species on the forest 
profile is a function of the graded hu- 
midity then this pattern should obtain 
in comparing their distributions in dis- 
tinct vegetation types whose differing 
structures determine differing overall hu- 
midity. Forest and the much drier plan- 
tation may be compared with this in view. 

The first comparison concerns the rel- 
ative total density of the two species. 
Table 6 lists the homunculus densities 
relative to those of bellator (as a frac- 
tion h/b) for each day and each vegeta- 
tion type separately throughout capture 
series 6 and 6a which comprised simul- 
taneous samples in both forest and plan- 
tation. It is seen that the fraction 1s 
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TABLE 7. The differential elimination of A. 
homunculus in plantation and village, 
and the evening shift in the dis- 
tribution of activity 
A. Vertical distributions in per cent. 


Forest. 
Total 
Sft. 45 ft. 75 ft. caught 
D b 26 52 22 410 
h 67 21 12 129 
Evening {b 29 35 36 959 
h 35 36 29 216 
B. Horizontal distributions in per cent. 
Forest, plantation, and village ground 
stations. 
B-S C-5 Ca Va 
Da b 64 23 i1 1 246 
y h 80 19 2 O 146 
— b 45 36 13 6 542 
44 36 #17 «3 96 


CS7. Forest samples were taken on the B 
platfcrms; plantation samples on the C platforms 
(C-5) and at a more exposed site, Ca; Va is a 
veranda of a house in the village; cf. figure 1. 


consistently lower in the plantation 
which is the drier vegetation type. The 
difference though slight is highly signifi- 
cant: the probability of these repeated 
differences being due to chance is less 
than 0.01.° 


8In making this comparison care has been 
taken to determine whether or not the difference 
is due to peculiarities of sampling. Should the 
onset of the evening activity occur later in plan- 
tation than in forest, the known lag of the 
homunculus curve behind that of bellator, and 
the fact that sampling stopped before activity 
was over, would produce the very effect we are 
interested in, viz., a drop in the plantation of 
homunculus densities relative to those of bella- 
tor. Figure 6 plots the onset of evening activ- 
ity (bellator used as indicator) in forest and 
plantation on each day of both capture series 6 
and 6a. A density of 10 per cent of the maxi- 
mum density is arbitrarily taken as an indi- 
cator of activity onset. The time at which this 
density was reached is interpolated in the ac- 
tivity cycle data. It is seen that there is con- 
siderable daily change in the timing of activity ; 
however, while there is a constant difference be- 
tween the vegetations, it is the plantation which 
precedes the forest so that the lag of homonculus 
will, if anything, have led to an underestimation 
rather than to an overestimation of the effect 
with which we are concerned. It is also inter- 
esting to note in figure 6 that there is a general 
correlation between the time of activity onset 
and the size of the h/b fraction: the earlier ac- 
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Fic. 6. The onset of mosquito evening activ- 
ity (bellator used as indicator) and the size of 
the homunculus/bellator ratio in forest and 
plantation. Capture series 6 and 6a. Activity 
onset is arbitrarily taken as the time at which 
activity has reached 10% of maximum; it occurs 
earlier in the plantation and is negatively cor- 
related with the size of the homunculus/bellator 
ratio which is consistently lower in the planta- 
tion (cf. table 6). 


The second analogy that exists between 
forest-plantation distributions and ground 
level-canopy distributions concerns the 
shift that takes place with the satura- 
tion of all environments in the evening. 
In capture series no. 7 (table 7) samples 
were taken simultaneously at three levels 
in the forest (B platforms), two levels 
in plantation near forest (C platforms), 
in more exposed plantation (Ca) one half 
mile away from forest near the village 
of Tamana, and in the open veranda of a 
house (Va) in the village. The densities 
of both species fall at successively drier 
stations on the horizontal gradient, and 
it is seen that homunculus densities fall 
faster than those of bellator. The feature 
of these captures with which we are now 
concerned is the change that takes place 
tivity begins, the larger does h/b become, since 
the less does the cessation of sampling at 7 :30 


P.M. lead to an underestimation of the homun- 
culus evening flight. 
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during the evening period of maximum 
activity. At this time with the loss of the 
humidity and temperature gradient the 
distribution of both mosquitoes shifts up- 
ward into forest levels that were too dry 
in the middle of the day; and the two 
species closely approximate each other’s 
distribution. Table 7 shows that as this 
happened on the vertical gradient there 
was a similar shift outwards on the hori- 
zontal gradient to the cacao and village, 
resulting in a closer approximation of 
the bellator and homunculus distributions 
than obtained by day. 

The effect of vegetation structure is 
also amply illustrated by comparison of 
data from the A and B platforms. Thus 
h/b fractions from the A platforms larval 
data (table 8) are much lower (.09, .06, 
and .22) than those from the B platforms 
(.69, .44, and (1.09)) which are in much 
more protected, taller forest. Moreover, 
in the B platforms homunculus shifts 
higher up the profile and further over- 
laps bellator than it does at A. 


HvuMIDITY AND THE AVAILABILITY OF THE 
BREEDING GROUND 


It has been shown that in their area 
of overlap the two species are distributed 
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significantly differently with respect to 
microclimate. The analysis of activity 
cycle and vertical distribution in capture 
series no. 2 leaves little doubt that hu- 
midity is the variable to which activity is 
adaptively oriented. Further, the dif- 
ference between the species is in relation 
to humidity. Thus the initial hypothesis 
of an interspecific difference in humidity 
requirement, derived from the geographic 
distribution pattern of the two species 
and the distribution of precipitation is, in 
its general terms, upheld (fig. 7). 

It remains to consider the possible 
mechanisms whereby the geographic dis- 
tribution of rain could bring about the 
observed changes in mosquito density. 
In essence the problem is how does de- 
clining rainfall reduce population size 
since first one then the second species 
shows a steady decline of density as rain- 
fall level decreases ? 

Table 1 immediately eliminates one ob- 
vious possibility, namely that the decline 
in the density of mosquitoes is a sec- 
ondary effect caused by a diminution of 
the bromeliad flora. Actually the size of 
the total potential breeding ground per 
unit area is higher in zone D than zone C 
although the larval density per unit area 


FOREST MICROCLIMATES TRINIDAD MACROCLIMATES 
sofeet ? | F| 
= south 
ond 
- 20 § MON TANE 
mosquitoes per man-hour mosquitoes per man-hour 
Anopheles bellator Anopheles homunculus 


Fic. 7. The identity of distribution pattern of the two anophelines on a) the vertical 
gradient of humidity in forest in the middle of the day, and b) the geographic gradient of 
precipitation levels. 

a) is based on capture series no. 6 from 10 a.m. to 4 p.m.; levels have been lumped. 

b) is based on table 1. 
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(as well as per plant) falls significantly in 
the drier zone. And in zone E, which is 
on the periphery of bellator’s range, den- 
sities of this species are down to one- 
fifth of those in zone C in spite of the fact 
that the total potential breeding ground 
is larger in the drier zone. It is clear 
therefore that decreasing rainfall effects 
a reduction of mosquito density indepen- 
dently of its (the rainfall’s) effect on the 
bromeliad flora. 

The vertical distribution of anopheline 
breeding activity in the Tamana forests 
provides clear indication of how precipita- 
tion level may affect mosquito densities 
even though the total potential breeding 
ground (the bromeliad flora) remains 
undiminished. 

Breeding activity was studied in all 
three platform series as follows. The 
greater part of the available space on 
each platform was taken up by a lattice- 
work which supported in its interstices 
a standard plot of bromeliads. These 
standardized plots (see table 8 for details) 
at all levels on a platform series gave a 
measure, through the larval population re- 
covered at the end of a month from each 
level, of the vertical distribution of breed- 


ing activity. 


Table 8 gives the results of the six 
samples that were obtained in this way. 
It is very clear that the interspecific dif- 
ference in vertical distribution which was 
found to hold for feeding activity ob- 
tains for breeding: homunculus larvae 
occur at consistently lower level than 
those of bellator. Moreover the differ- 
ence between the species is here at least 
as great as the maximum (midday) dif- 
ference found in feeding activity (fig. 8). 

This divergence in breeding ranges is 
of considerable importance since the bro- 
meliad flora has itself a well-defined, non- 
random, distribution on the forest profile. 
Elsewhere ( Pittendrigh, 1948) it has been 
demonstrated that the bromeliad popula- 
tion in general is concentrated in the 
canopy levels of the forest because of its 
light demand. There is, within the flora, 
a segregate of bromeliads that are tolerant 
of shade and penetrate the lower forest 
levels, but these are all small sized species 
(cf. fig. 2 in the following paper). It is 
therefore apparent that in their breeding 
activity the two mosquitoes encounter 
very different fractions of the total bro- 
meliad flora in the C zone forests. A. bel- 
lator has access to the whole flora, and 
its zone of maximum breeding activity 


TABLE 8. The vertical distribution of breeding activity in forest 


A-Platforms B-Platforms 
Date Jun.-44 Sep.-44 Nov.-44 Mar.-45 Apr.-45 Jun.-45 
Composition of plot 10Ga 10Ga 10Ga 10Ga 10Ga 10Vp 
10GI 10GI 10GI 10GI 10Vp 
10GI 
Species b h b h b h b h b h b h 
Total larvae 2549 | 220 | 1734| 111 | 545 | 122 | 324 | 224 | 625 | 277 | 164 | 176 
65 ft. 22 7 10 2 35 4 
Y= 55 ft. 9 0 7 0 9 0; 18 1 10 $i 44-8 
Ree, . 45 ft. 27 0 11 0 15 0 27 7 21 11 13 6 
35ft.| O| 16| O| O| 9] 12] 22] 19] 18] 18 
ft. 13 27| 17 | 23 11 26 | 26 6 20 
2 . - 15 ft. 10; 16 33| 39 28 36 8 25 9 22 13 21 
weal 5 ft. 5| 71 6| 44 1 59 5 | 22 4] 17 4] 23 
rag h/b .09 .06 .22 .69 44 1.09 


" b = bellator, h = homunculus, Ga = Gravisia aquilega, Gl = Gusmania lingulata, Vp = Vriesia 
procera. 


3 
> 
A 
> 
ut 
4 
Be 
las 
. 


ECOCLIMATIC DIVERGENCE OF ANOPHELES 57 


TABLE 9. The bromeliad flora below 25 feet in forest; and its anopheline larval population 


Bromeliad species M. Ht. N M. W. C. b h h/b 
Hohenber gia stellata 20’ 15 326 16 8 0.5 
Tillandsia monadel pha 19’ 20 8 0 0 
Tillandsia anceps 14’ 15 10 0 0 
Gusmania lingulata 11’ 100 65 14 53 3.8 


Sample transect approximately 800 feet long, 20 feet wide; b = bellator;h = homunculus; M. Ht. = 
mean height above ground; N = number of plants; M. W. C. = mean water content in cc. 


(as sampled on platforms independently 
of the naturally occurring bromeliads), 
which is in the upper levels, coincides 
with the heaviest natural growths of 
these plants. On the other hand ho- 
munculus is restricted by its microclimatic 
demands to forest levels that support the 
thinnest bromeliad population composed 
exclusively of the small shade tolerant 
species that are poor water holders. 


Guzmania lingulata, Vriesia simplex, Vriesia 
longibracteata, Tillandsia anceps, and Tillandsia 
monadelpha, are throughout the whole of Trini- 


dad the only species of bromeliads which regu- 
larly exploit the lower levels. In some areas 
such as Tamana, Hohenbergia stellata a iarge 
species, occasionally gets down into the homun- 
culus oviposition range, but this plant is never 
common. Table 9 gives the larval population 
found in all the bromeliads examined below 25 
feet in a strip of forest near the B platforms. 
Hohenbergia stellata was unusually common in 
this sample. Even so it was only ten per cent 
of all the plants found; it had the highest 
average elevation above ground of all the spe- 
cies and only 35 per cent of its larval popula- 
tion was homunculus. Gusmania lingulata was 
the commonest plant; it occurred on the aver- 
age nine feet lower than Hohenbergia stellata 


Biting Activity 


OviPosi TION 


AFTERNOON 
3./5 pm 


EVENING 
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Renvity 


Height in Feet 


per cent 


—— homunculus 
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Fic. 8. The vertical distribution in forest of biting activity on 


A platforms 


the 
in the mid-afternoon (3:15 p.m.) and in the evening (7:15 p.m.), and the vertical 
distribution of oviposition on the A platforms in June 1944. 


Biting activity data from table 4 (CS2). 


Oviposition data from table 8. 
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and here homunculus formed almost 80 per cent 
of the recovered larvae. 


Considering all the data obtained in the 
study area in Tamana, zone C, the true 
relative densities of the two species (i.e., 
densities based on samples covering the 
whole range of microclimate in the forest) 
is such that the fraction total homunculus/ 
total bellator is much less than 0.5; com- 
pare tables 5 and 8.° It seems obvious 
that the differential exclusion of homuncu- 
lus from the main breeding ground in the 
canopy, consequent upon its humidity de- 
mands, is responsible for the well marked 
difference in total density between the 
species. In other words, the numerical 
superiority of bellator is to be associated 
with the fact that its vertical breeding 
range coincides with the densest bromeliad 
population which includes all of the large 
species. 

The conditions in the much wetter B 
zone point up fully the situation just de- 
scribed for Tamana. In the B zone val- 
leys homunculus completely dominates 
the Kerteszia population—the h/b fraction 
here is between 12 and 27 (table 1) as 
compared with less than 0.5 for Tamana. 
This is associated with the fact that in 
addition to the small bromeliads, ho- 
munculus in zone B is utilizing fully the 
large bromeliad species which occur in 
those microclimatic niches that are here 
not only fully illuminated (the limiting 
requirement for the plants) but very hu- 
mid (the limiting requirement for ho- 
munculus ). 


In the B areas it would have required elabo- 
rate platform studies which owing to their cost 
were not possible, to determine directly that 
homunculus is in the canopy of the forests of 
this zone as is being suggested here. However, 
it is known that in the drier C zone it is only 
bellator, the canopy species, which is able to 
utilize adequately the breeding ground in the 
exposed plantation. Similarly in openings in 
the forest in zone C bellator dominates the 
Kerteszia captures at ground level because, ow- 


® July readings on the B and C platforms 
gave h/b values greater than 1.0; these are 
highly significant exceptions caused by a pecu- 
liarity of sampling procedure discussed fully in 
the subsequent paper of this series. 


TABLE 10. The relation between the Kerteszia 
flight in forest clearings and adjacent 


intact forest 
AS5 AS Fa 
bellator 268 12 328 
homunculus 53 106 91 
h/b 0.2 8.9 0.3 


A55 in the canopy, A5 on the ground inside the 
forest, Fa in a wide clearing 20 yards from AS. 
Capture series no. 3. Four days’ totals, 8:30 
A.M. to 4:00 P.M. 


ing to the opening of the forest, the micro- 
climate near the ground is changed so as to 
simulate that of the canopy. Table 10 gives 
captures illustrating this. Now, in the B areas, 
homunculus dominates the population both in 
plantations and in openings in the forest just as 
bellator does in C; and like bellator in C, 
homunculus in B becomes scarce at ground 
levels inside the forest immediately adjacent to 
those openings where it is common. The infer- 
ence that homunculus is in the canopy of intact 
forest in B seems fully valid. 


The facts are, then, that in zone B high 
general humidity conditions permit ho- 
munculus to enter the fully illuminated 
vegetation niches where the bulk of the 
breeding ground is concentrated ; here the 
species is at its maximum density. In 
zone C it is forced to darker (more hu- 
mid) levels to compensate for the lower 
general humidity and is thereby divorced 
from the light-demanding bromeliad flora ; 
the population becomes correspondingly 
smaller. 

It is necessary therefore to distinguish 
in any given area between the apparent 
(or potential) and the actual (or avail- 
able) breeding ground. The latter is 
only a fraction of the apparent breeding 
ground, since this—the bromeliad flora 
as a whole—is distributed through a far 
wider range of humidities than the mos- 
quitoes can evidently tolerate. 

Finally, it is noteworthy that this is 
nicely illustrated by the data available 
for bellator breeding in Tamana cacao 
plantations, which have been presented 
in detail earlier (Pittendrigh, 1950a). 
Figure 9, based on data in the earlier 
paper, is a histogram showing the vertical 
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distribution of breeding ground units (cf. 
p. 45) on the profile of plantation. It 
has the vertical distribution of bellator 
oviposition superimposed on it. What 
is significant for the present discussion is 
that the breeding activity of the mosquito 
is distributed significantly lower than the 
breeding ground as a whole (chi-square 
is 24; df.=1; P<0.01). Even here, 
therefore, in the wettest zone in which 
bellator is common in plantations, den- 
sities are not limited by the size of the 
total potential breeding ground, but by 
the availability of this being reduced by 
low humidity in the higher plantation lev- 
els where the bromeliads are concentrated. 
It then becomes clear how bellator den- 
sities themselves will continue to fall in 
successively drier geographic zones in 
spite of an increasingly large bromeliad 
flora, since the availability of this dimin- 
ishes progressively as the upper strata of 
plantations become progressively less 
humid. 

In the foregoing discussion we have 
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Fic. 9. The non-coincidence of the vertical 
distribution of the total potential breeding 
ground and of A. bellator oviposition in a cacao 
plantation in Tamana (zone C). 

From the data given by Pittendrigh, 1950a. 

Comparing breeding ground units above and 
below 30 feet with oviposition above and below 
30 feet in a contingency table we get chi-square 
= 24; df.=1; P< 0.01. 


been principally concerned to show how 
humidities below the optimum range 
render potential breeding grounds inac- 
cessible. It is evident from the micro- 
distributions of activity discussed earlier 
that bellator’s optimum humidity range 
is lower than that of homunculus: it not 
only tolerates lower humidities than its 
sister species but requires them insofar 
as its densities are concentrated spatially 
and temporally into drier conditions. 
Whereas in the drier sections of the island 
the interspecific difference in humidity 
range places homunculus at an adaptive 
disadvantage in exploiting the microcli- 
mate surrounding the principal breeding 
ground the converse holds in the wettest 
areas. There the high humidities are 
evidently above the bellator optimum and 
densities of this species drop almost to 
zero while those of homunculus rise. 
While decline of the general humidity 
level can be offset by a compensatory 
downward movement on the forest pro- 
file it is clear that there is no such re- 
course (now an upward movement) open 
to the insect when humidities rise above 
the optimum, at which point the mosquito 
is already in the highest (driest) canopy 
levels. 


DISCUSSION AND CONCLUSIONS 


It will come as no surprise to the insect 
physiologist }f the conclusion is drawn 
from an ecological study that the water- 
relations of the environment constitute 
the prime climatic variable in relation to 
which mosquito activity and distribution 
are oriented. Wigglesworth (1946) re- 
marks that it “is very largely true to say 
that the physiology of the insects is the 
story of their water relations.” “An in- 
cessant struggle for water is reflected in 
every aspect of their organization.” 

The present studies were carried out 
in circumstances that precluded the 
highly desirable parallel physiological 
analysis that could have demonstrated 
experimentally the existence of a dif- 
ference between the species in their be- 
havior towards and tolerance of diverse 
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humidity and temperature conditions. 
Nevertheless the inference that humidity 
is of prime importance in this case seems 
well founded on a multiplicity of correla- 
tions. (1) First, the shape of the biting 
cycle curve through the daylight hours 
parallels the humidity curve extremely 
closely. (2) This is equally true of the 
downward shift in vertical distribution 
which is most depressed during the dri- 
est period of the mid afternoon. (3) We 
are thus led to the conclusion that the 
midafternoon vertical distributions of the 
two species are oriented with respect to 
the humidity gradient as such. And this 
conclusion receives striking corroboration 
from the way the interspecific difference 
on the vertical humidity gradient is 
matched by the interspecific difference on 
the geographic gradient of precipitation 
level. (4) The other, implicit, conclu- 
sion that the two species differ in their 
water relations leads us to expect a dif- 
ference between their respective biting 
cycle and vertical-shift curves in respect 
of shape and precise timing since these 
have already been inferred to be humidity 
determined. This prediction is met in 
the earlier decline of the densities and ele- 
vation of homunculus in the morning and 
their delayed rise in the evening. 

While there can be little doubt that 
the form of the biting cycle curve and the 
midday elevations are adaptively related 
to humidity the writer does not wish to 
imply that this factor alone serves for 
the immediate determination and orien- 
tation of activity. Lack (1949), in con- 
sidering bird distributions, notes the nec- 
essity “to distinguish between the proxi- 
mate factors concerned with internal 
mechanism and the ultimate factors con- 
cerned with survival value.” Where there 
is a correlation, albeit a complex one, 
between light, temperature and humidity, 
the variable that functions for the insect 
as its indicator of environmental condi- 
tions—and acts therefore as the proxi- 
mate stimulus to activity—may well be 
that for which it has greatest perceptual 
acuity, irrespective of whether or not it is 


the really limiting variable in terms of the 
species’ particular adaptations. 

In the case of diurnal activity cycles 
there are specific grounds for wariness 
in the inference of actual “determinants” 
because in many cases intrinsic physio- 
logical rhythms are known to be involved 
(Welsh, 1938). Gunn (1940) has, for 
example, recently demonstrated that the 
cockroach activity cycle persists for sev- 
eral days in the absence of cyclical en- 
vironmental change which evidently func- 
tions to a large extent as a mere “trigger” 
for the intrinsically determined rhythm. 
And Bates (1947) has reported a very re- 
markable experiment which, in a parallel 
fashion, suggests that vertical distribu- 
tions may be proximately determined by 
factors other than those to which the dis- 
tributions are ultimately oriented. He 
showed that on the wall of an experimental 
cage in which there were no detectable 
gradients either of light, temperature, or 
humidity, the three species Haemagogus 
spegazzini, Aedes serratus, and Tricho- 
prosopon digitatum, assumed the same 
pattern of vertical distribution as they do 
in forest. 


SUMMARY 


(1) The activity cycle and vertical 
distribution in forest of the two bromeli- 
colous anophelines in Trinidad (A. (K.) 
bellator and A. (K.) homunculus) are 
oriented in relation to humidity. As the 
density of the anophelines falls with the 
decrease of humidity in the morning, the 
mosquitoes shift their vertical distribution 
downward into more humid levels of the 
vertical climatic gradient in forest. Con- 
versely, as humidity and mosquito density 
increase in the evening the activity shifts 
upward into the highest canopy levels. 

(2) There is an interspecific difference 
in humidity requirement between bellator 
and homunculus which is manifested in 
the following ways: (1) the morning drop 
in homunculus activity precedes that of 
bellator; (2) the evening rise of ho- 
munculus lags behind that of bellator; 
(3) homunculus occurs at lower forest 
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levels than bellator when a humidity gra- 
dient is created in the forest in the middle 
of the day; (4) homunculus’ vertical dis- 
tribution remains at its lowest longer 
than that of bellator in the afternoon; (5) 
homunculus is differentially eliminated in 
dry, open vegetation ; (6) the distribution 
of the two species on the midday humidity 
gradient in forest matches their distribu- 
tion on the geographic gradient of rain- 
fall in the island. 

(3) The problem is raised as to how 
mosquito densities become reduced in 
drier geographic areas. An interpreta- 
tion is developed in terms of the micro- 
climatic control of the mosquitoes’ access 
to the bromeliad flora where they breed. 
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vector population, and the density and 
species composition of this is regulated 
by the plantation microclimate. 

The fact that the access of the mosquito 
to the village is conditioned in this way 
by the microclimate of the surrounding 
vegetation is at the basis of the geographic 
variation of vectors, the limitation of the 
problem as a whole to areas of high rain- 
fall, and the correlation between malaria 
rates and precipitation across the center 
of the island (fig. 10). 

The relationships of the forest, plan- 
tation, and vector populations of Kerteszia 
in the major climatic areas of Trinidad 
may be summarized schematically as 
follows. 


dX Dri » 

74, rier 

B C, D, and E F 
areas areas 


Forest Cacao Village 


Canopy 


(H) \ 
Ground H-—H 


Forest Cacao Village 
HO B-——? B 


areas 
Forest Cacao Village 
(—) 
BO 


homunculus (H) trans- 
mits malaria 


bellator (B) transmits 
malaria with decreasing 


No transmission 


success from C to E 


APPENDIX 


The Ecological Basis of the Vector Status 
of the Two Anophelines, and the 
Geographic Distribution of 
Malaria Rates 


For the epidemiologist the focal point 
of a malaria problem is the “traffic in 
gametocytes.” For the ecologist, interest 
therefore centers on those factors, human 
habits, and insect requirements, which 
lead to and regulate the degree of con- 
tact between man and the anopheline vec- 
tor. In the Trinidad area to which Ker- 
tessia transmitted malaria is restricted, 
the villages are always more closely as- 
sociated with cacao plantation than with 
forest, and it is from the plantation that 
the evening flight of Kerteszia into the 
villages originates. Thus the cacao plan- 
tation Kerteszia population is the potential 


The two entries enclosed in brackets, the 
canopy population in the extremely wet 
and the extremely dry areas, are inferred. 
The inference \is based, as discussed ear- 
lier, on the established conditions in the 
cacao plantations in these areas and then 
by analogy from the known relation be- 
tween cacao and canopy in the C zone. 

In the wettest B areas humidities are 
high enough to permit homunculus to en- 
ter the fully illuminated plantations where 
large bromeliads are abundant and to bite 
man in and around the houses in the 
plantations. In the drier C, D, and E 
zones homunculus retreats out of the 
plantations and down the forest profile; 
it no longer transmits malaria as this dis- 
tribution adjustment to its microclimatic 
demands divorces it from the human pop- 
ulation in the village. Here, however, bel- 
lator is abundant in the forest canopy and 
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in plantations, and is the malaria vector. 
It does, as we have seen, become less 
abundant, however, along the C-D-E gra- 
dient as falling humidity renders the plan- 
tation breeding ground less accessible. 
Falling malaria rates parallel these de- 
clining bellator densities from C to E. 
Finally in the F zones where bellator can 
still be caught in the lower forest levels 
it has retreated (as homunculus did ear- 
lier) out of the cacao altogether ; and here, 
with all other factors as before—houses 
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in plantation, a large potential breeding 
ground in the plantation, and Kerteszta 
in the forest—transmission ceases. 

It is interesting to recall here the basis 
of Knab’s criticism (1912) of the origi- 
nal suggestion made by Lutz in 1903 that 
a bromeliad-breeding anopheline was the 
vector in the malaria epidemic he investi- 
gated in Sao Paulo, Brazil. Knab main- 
tained that a forest mosquito like Anoph- 
eles lutzit (crusti) would not bite man 


frequently enough to support parasite 


Fic. 10. The distribution of spleen rates (malaria due to A. 
bellator) and cacao plantation in rainfall zones. After Downs and 
Pittendrigh, 1946. 
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transmission. Knab does not make a 
clear statement of his reasoning, but 
evidently he felt that a forest mosquito 
would not be able to leave its forest en- 
vironment to bite the road-builders around 
their open camps. Such an assumption 
was clearly made without knowledge of 
the ecological diversity of forest environ- 
ments and faunas. The lower forest lev- 
els are remarkable and specialized en- 
vironments with regard to their climatic 
stability, high humidity, and low tem- 
perature (Allee, 1926; Bates, 1945; Had- 
dow, 1945), but from these specialized 
conditions near the forest floor there is, 
vertically, a gradient of internal climate 
which culminates in wholly unspecialized 
conditions in the extreme canopy. 

The climate in the canopy is subject to 
all the daily and seasonal fluctuations of 
that in open country. Mosquitoes that 
have evolved in relation to the conditions 
in the forest floor zone are apparently re- 
stricted to the forest, since their micro- 
climatic demands are not commonly met 
outside, but such a restriction is obviously 
not to be expected of species whose nor- 
mal forest niche is in the higher, climati- 
cally unspecialized, canopy zone. 
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INTRODUCTION AND THEORETICAL 
CONSIDERATIONS 


The previous paper in this series ( Pit- 
tendrigh, 1950b) began the discussion of 
the ecological divergence of Anopheles 
bellator and A. homunculus by listing five 
questions in relation to which the work was 
oriented. The data that were presented 
there bore on the first two questions 
raised, viz: the extent to which the geo- 
graphic distributions were different, and 
whether these distributions could be at- 
tributed to adaptive differences between 
the species. 

The results demonstrated that the spe- 
cies do diverge in microclimatic require- 
ment in such a way that they exhibit 
markedly dissimilar distributions in the 
diverse humidity conditions that occur in 
the area where they are sympatric. Thus 
homunculus, which requires wetter condi- 
tions than its sister species bellator, oc- 
curs lower on the vertical gradient of hu- 
midity in forest; and its feeding activity 
is more concentrated in the moister pe- 
riods of the day. 

It was shown how this divergence in 
humidity requirement, through its effect 
on the access the mosquitoes have to the 
bromeliads where they breed, could ac- 
count for the established discrepancy in 
geographic distributions. The epiphytic 
bromeliad flora, because it requires high 
light intensities, is always incidentally 

1This paper is no. IV in the series “The 
Bromeliad-Anopheles- Malaria Complex in Trin- 
idad.” 

2 The studies on which this paper is based 
were made under the joint auspices of the 
Trinidad Government and the International 
Health Division of the Rockefeller Foundation. 


8 Present address: Department of Biology, 
Princeton University, Princeton, N. J. 


Evotution 4: 64-78. March, 1950. 


concentrated in the dry canopy niches of 
a given forest: the most fully illuminated 
niches are always the driest. If we com- 
pare conditions in two climatic zones, one 
drier than the other, it is clear that the 
humidity requirement of the mosquito 
can only be met in the lower and, there- 
fore, darker levels of the forest in the 
drier zone. It follows that here access 
to the breeding ground will be diminished 
and population size correspondingly re- 
duced. The geographic distributions of 
A. bellator and A. homunculus are inter- 
pretable in these terms. A. homunculus 
populations are at their maximum in the 
wettest part of Trinidad where this spe- 
cies has easy access to the entire bromeliad 
flora. They diminish in drier regions 
where bellator (whose lower humidity 
needs are attested by its higher distribu- 
tion in forest here) becomes common. 
Finally the expansion of bellator into still 
drier areas ceases long before the bro- 
meliad flora itself is materially diminished 
by decreased precipitation. 

The effect of microclimate on the avail- 
ability of the mosquito’s breeding ground 
leads to interesting considerations in con- 
nection with the third question raised 
initially, viz: what are the ecological re- 
lations between the species in the area 
where they coexist? Are they out of 
competition with each other as theoreti- 
cally is to be expected ? 

The range expansion of two closely re- 
lated species, leading to a distribution 
overlap, raises problems of both ecological 
and evolutionary interest which have re- 
cently been discussed by Lack (1944, 
1947, and 1949) and Crombie (1947). 
Lack points out that when the species 
meet they will compete and reach one of 
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four more or less stable ecological equi- 
libria, as follows: (1) complete elimina- 
tion of one by the other; (2) the occupa- 
tion of adjacent regions with no over- 
lap; (3) the occupation of different 
habitats in a zone of overlap; (4) the oc- 
cupation of the same habitats and regions 
but with the species eating different foods. 
The third and fourth alternatives could 
probably be fused and restated more gen- 
erally as “occupation of the same general 
region but out of competition with respect 
to the limiting aspect of the environment 
whether this be food or available breeding 
opportunities.” * 

The recognition of these several pos- 
sibilities and the significance of the prob- 
lem as a whole derives from the work of 
Gause (1934, 1936) who has pointed out 
that two species which utilize precisely 
the same foods and are dependent in gen- 
eral on the same portion of the total en- 
vironment cannot coexist without the ex- 
tremely improbable further qualification 
that they be equally well adapted. Given 
any degree of selective advantage on the 
part of one species, the other must eventu- 
ally be eliminated. This generalization is 
upheld by Gause’s own experimental work 
on Protozoa (reviewed in Gause, 1936), 
and more recently by that of Crombie 
(1946) on the flour beetles of Tribolium 
and other genera. It lies at the root of 
the well-known statistical peculiarity of 
animal communities which Elton (1947) 
has recently discussed : viz., the extremely 
low number of species in one genus (on 
the average much less than two) present 
in one community (cf. Williams, 1947). 

The case of Anopheles bellator and A. 
homunculus in Trinidad has several as- 
pects that are remarkable in this context. 
First, the two species not only overlap in 
their distribution, but this overlap ex- 
tends throughout the overwhelmingly 


4 There is at least one other possibility. That 
is as Lack (1944) notes where the two species 
are parasitized to such an extent that neither 
food nor breeding opportunity limits their popu- 
lation size, and in this sense they need not be 
“out of competition” for either factor. 


greater part of homunculus’ total range. 
This corresponds with the third general 
alternative, which has been compounded 
(above) out of Lack’s third and fourth: 
there is overlap and this requires that 
the species be out of competition with re- 
spect to limiting aspects of their environ- 
ment. 

Problems immediately became evident 
if we review the breeding activity of the 
anophelines in the light of these theoretical 
considerations. We are led to expect 
that given fixed moisture requirements 
on the part of homunculus, this species 
could not invade to any significant extent, 
the drier territory occupied by bellator. 
Such an expansion by homunculus re- 
quires its retreat down the forest profile 
placing the species at a marked adaptive 
disadvantage in the exploitation of the 
available breeding facilities in the dry 
canopy (figs. 2 and 3). 

So long as both species are equally de- 
pendent on the canopy flora, it is clear 
that they could not coexist. The most 
likely equilibrium position would be Lack’s 
second alternative: the occupation of ad- 
jacent areas with no overlap, each species 
being adaptively superior on its respec- 
tive side of the distribution boundary. 
Indeed, the fact that the two species do 
coexist so extensively is itself sufficient 
ground to infer that moisture requirement 
is not the only respect in which the two 
species diverge. A further differentiation 
must exist making homunculus indepen- 
dent of the dry canopy, and thereby ob- 
viating unequal competition with bellator 
for the same breeding facilities. 


EXPERIMENTAL RESULTS 
(a) Field observations 


Field observations on the relative fre- 
quency of bellator and homunculus larvae 
in different bromeliads initially indicated 
the existence of an ecotopic specializa- 
tion on the part of homunculus that is 
significant in view of the foregoing dis- 
cussion. Table 1 summarizes the field 
data concerned ; the observations were all 
made in zone B and the wetter parts of 
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TaBLE 1. Field observations on the differential utilization of large and small bromeliad 
species by A. bellator (6) and A. homunculus (A) 


B zone C zone 
Bromeliads 

N b h N b h 

Large species 
Vriesta amasonica 0 0 0 37 480 7 
Gravisia aquilega 63 12 5 184 501 15 
Aechmea porteoides 43 0 i4 0 0 0 
Wittmackia lingulata 42 3 1 50 149 1 

Small species 
Vriesia procera 58 0 83 43 32 9 
Guzmania monostachia 690 0 214 45 11 2 
Gusmantia lingulata 298 0 99 0 0 0 
Totals: large species 148 15 20 271 1130 23 
Totals: small species 1046 0 396 88 43 11 


N = number of plants, all of which were removed from the cacao trees or their immortel shade 
trees in plantations (cf. Pittendrigh, 1948). The extremely large number of small bromeliads ex- 
amined in zone B does not reflect their true frequency relative to large species. The very low density 
of bellator in zone B made it necessary to examine this large sample to determine whether the utilisation 
of small species by bellator was significantly different from that of homunculus in this zone. 


zone C. It is seen that if we segregate 
the recovered larval population from the 
lumped small bromeliad species and com- 
pare it with that from the lumped large 
species, the distributions of the two mos- 
quito species differ strikingly: the total 
recovered homunculus population is far 
more heavily weighted into the small bro- 
meliads than is the bellator population. 

It is unnecessary here to discuss the 
likelihood that these results are due 
merely to coincidence of distribution be- 
tween homunculus and small bromeliads 
rather than to any discriminating action 
or differential survival on the part of the 
mosquitoes: coincidence of distribution 
is known to be involved to some extent 
(Pittendrigh, 1950b) but the experiments 
given below demonstrate that either dis- 
criminating action or differential sur- 
vival on the part of the insects is also 
involved. 


(b) Experimental breeding plots involv- 
ing nine species 
Table 2 gives the data obtained from 


the large experimental breeding plots set 
up previously to determine the relative 


importance of the common bromeliads 
as bellator breeding places. The experi- 
ments, described fully elsewhere (Pitten- 
drigh, 1950a) consisted of offering for 
oviposition replicated blocks of nine bro- 
meliad species in a compact area on the 
ground. Since homunculus is common at 
ground level and oviposited in the experi- 
mental plots we may compare the utiliza- 
tion of different plants by the two mos- 
quitoes. The extent of utilization of each 
bromeliad species is expressed by its 
breeding index, which is calculated from 
the experimental results as follows: total 
larvae per plant (of the tested bromeliad 
species) /total larvae in Gravisia aqui- 
lega (cf. Pittendrigh, 1950a). 

It is clear that the breeding indices for 
the small Vriesia species (V. procera), 
and especially for the small Guzmania 
species are much higher for homunculus 
than for bellator (ratios are given in bold 
type in table 2). The indices for Guz- 
manta monostachia were .03 for bellator, 
and .39 for homunculus in the first series ; 
08 bellator and 82 homunculus in the 
second series; and .05 bellator and .24 
homunculus in the third. The Guzmania 
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lingulata values were .02 bellator and .61 
homunculus in the second series, and .03 
bellator and .17 homunculus in the third. 
G. lingulata was not tested in the first 
series. The differences between bellator 
and homunculus are very significant 
(P < 0.01) for two of the individual small 
species (V. procera and G. monostachia), 
and in all three series when the combined 
large bromeliads are compared (using 
chi-square) with the combined small 
species. 

The microclimatic access of the mos- 
quitoes to the large and small bromeliad 
species is the same in these plots. It is 
to be concluded, therefore, that the dif- 
ference in the proportion of homunculus 
and bellator larvae in the large species 
such as Gravisia aquilega and in the small 


ones such as V riesia procera and the Guz- 
mania species is due to the greater ability 
of homunculus to utilize these smaller 


species. 


(c) Gravisia aquilega vs. 
lingulata 


Guzmania 


Further experiments were run to test 
this conclusion more rigorously than is 
possible with the few (3) replications 
offered by the plots already described. 
For this purpose the large bromeliad 
Gravisia aquilega (cf. fig. 4 in Pittendrigh, 
1948) was extensively compared with 
Guzmania lingulata, which is the most 
abundant small species of the lower forest 
levels. In all, 39 plot results are available, 
comprising 1030 plants of each species. 
Table 3 gives an analysis of four plots that 


TABLE 2. The differential utilization of large and small bromeliad species by A. bellator (b) and 
A. homunculus (A) in the three series of large experimental breeding plots 


homunculus indices 


in Mean breeding index Stapificance 
between 
1 2 3 hi ee bi and hi 
Large species 
Vriesia amasonica 3.07 | 0.94 | 2.01+1.1 2.49+.12 0.8 | P4A <.5 
Gravisia aquilega 1.00 | 1.00 | 1.00 | 1.00 1.00 1.0 
Hohenbergia stellata 79 | 1.85 70 | 1.112 .37 .59+.14 1.9 |} P.3 <.4 
Wittmackia lingulata 89 71 59 73+ .09 .45+.09 1.6 P.02<.05 
Small species 
Vriesia procera .59 32 27 39+ .10 14+.04 28; P <.01 
Guszmania monostachia 484 17] 054.01) 96|/P <.01 
Gusmantia lingulata 61 17 394 .22 034.01 | 13.0 | P.2 <.3 
Aechmea nudicaulis ll .61 06 .18 06+ .06 43 P.3 
Tillandsia fasciculata .29 00 AS+4 .15 02+.02 7.5 
Series 1 | Series 2 Series 3 
Total larvae in — 
b h b h b h 
All large species 178 150 215 186 259 213 
All small species 14 61 20 74 18 49 
xX? 31.0 32.4 18.4 
P | <0.01 <0.01 | <0.01 


The breeding indices for homunculus (hi) were obtained simultaneously with those for bellator (bj) 
which have been discussed fully in an earlier paper (Pittendrigh, 1950a). The significance of differ- 
ences between the mosquitoes’ breeding indices is tested with ¢ = 2/s;, where x is the difference 
between the species in each of the three experiments which gave paired observations for the mosquitoes 


in each plant species. 


Total larval populations in large species (lumped) and small species (lumped) are tested with 


chi-square. 
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TABLE 3. The interspecific difference between A. bellator and A. homunculus im their utilization 
of Gravisia aquilega (Grav) and Guzmania lingulata (Gusl) 


Total larvae per plot a 
- groun Significance 
f 
Date bellator | homunculus 
Grav Guzl Grav Guzl bi < hi x’ df. P 
May °45 a 103 0 124 11 .00 < .09 7.05 1 < 0.01 
b 186 2 352 14 01 < 04 0.25 1 > 0.05 
c 95 7 379 67 07 < .18 4.73 1 < 0.05 
d 86 0 343 21 00 < .16 3.99 1 < 0.05 
June '45 a 97 2 128 24 002 < .19 10.80 1 < 0.01 
b 125 4 500 58 .03 < .12 6.79 1 < 0.01 
c 114 5 516 112 05 < .22 14.06 1 < 0.01 
d 84 0 538 54 .00 < .10 8.78 1 < 0.01 
July *45 a 29 8 15 18 .28 < 1.20 8.10 1 < 0.01 
b 83 1 200 53 a <. 16.86 1 < 0.01 
c 56 1 184 37 .02 < .20 7.40 1 < 0.01 
d 47 1 244 42 02 < .17 4.75 1 < 0.05 
Total x? 93.55 | 12 < 0.001 
Total larvae 1105 31 3523 511 £8 < 2&5 


bj and h; are the bellator and homunculus breeding indices respectively for Gusmanta lingulata. 
These are calculated as total larvae in Gusmania/total larvae in Gravisia. 


were run on three consecutive months, 
giving twelve of the 39 results. A. ho- 
munculus made far greater use of the 
smaller species than bellator; only 3 per 
cent of the bellator larvae were found in 
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ing indices for Guzmania lingulata in four pro- 
gressively wetter breeding plots. See text. 

a is the driest plot, and d the wettest. Data 
from table 3. 


Guzmania lingulata as compared with 13 
per cent of the homunculus population. 
For all but one of the twelve separate sam- 
ples chi-square shows the difference be- 
tween the two distributions to be signifi- 
cant; the cumulative chi-square is over- 
whelmingly significant. 

Breeding occurred in Gusmania lingu- 
lata in 22 out of the remaining 27 trials; 
and in 19 of these 22 experiments the 
homunculus breeding index for Guzmania 
(larvae in Gusmania/larvae in Gravisia) 
was greater than that of bellator. In all, 
therefore, the homunculus breeding index 
for Guzmania exceeded bellator’s in 31 
out of 34 trials (P < 0.01). 


(d) Gravisia aquilega vs. Vriesia procera 


The same result has been obtained from 
breeding plots containing Gravisia aqui- 
lega and the small Vriesia species, V. pro- 
cera (cf. fig. 4 in Pittendrigh, 1948) : com- 
pared with bellator, homunculus made 
greater use of the small bromeliad species 
in 10 out of the 12 trials that were made. 
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(e) Experimental reversal of the inter- 
specific ratio in “an environment” 


composed exclusively of small plants 


Data from the B and C platforms in 
July 1945 provide an extremely striking 
demonstration of the difference between 
the two anophelines in their ability to uti- 
lize small bromeliads. In all previous 
platform samplings when a mixture of 
small and large plants (e.g., Gusmania 
lingulata or Vriesia procera and Gravisia 
aquilega) had been used, the total larval 
samples gave h/b fractions well below 
unity. Such indices are in agreement with 
all the adult data: that is, considering the 
forest profile as a whole, homunculus is 
definitely the less common species (table 
4; cf. tables 5 and 8 in Pittendrigh, 
1950b). In July 1945, the small Vriesta 
species, . procera, alone constituted the 
breeding plots on the platforms; no large 
species were used at all. The fractions 
homunculus/bellator obtained from this 
sampling were above unity in both the 
forest (h/b = 1.09) and the cacao (h/b = 
2.30). Clearly, this complete reversal of 
the numerical superiority of the species is 
due to the selectiveness of the sampling 
procedure. The apparent dominance of 
homunculus is an effect of its greater 
ability to utilize the plants offered. 


TaBLe 4. Interspecific ratios (homunculus 


/bellator 
Adult data* Larvae data* 
N h/b N h/b 
A. 
A platforms | 2 | 0.27+.07) 3 | 0.12+0.05 
B platforms | 5 | 0.31+.03) 3 | 0.572 .01 
C platforms | 4 | 0.23+.03) 1 | 0.32 


B. Larval samples based on the use of the smallt 


species 
Vriesia procera alone B platforms 1.09 
C platforms 2.30 


* A. All adult data; and all larval data ob- 
tained from breeding plots that included large 
bromeliads. 

+t B. Larval data from breeding plots that con- 
tained only the small species Vriesia procera. 


(f{) The accentuated depression of the 
vertical distribution of homunculus 
while ovipositing 

A comparison of the vertical ranges of 
breeding and feeding activity in the two 
species brings out a further point of in- 
terest. Table 5A lists, for the B plat- 
forms, all the available breeding data and 
all the biting adult data except those of 
capture series 4 and 7, which sampled 
only 5 feet, 45 feet and 75 feet and cannot 
therefore be usefully compared with the 
larval data. It is evident that the in- 
terspecific difference in vertical distribu- 
tion is much more strongly marked in the 
breeding than it is in the feeding phase of 
the mosquitoes’ activity. Moreover this 
increased difference is not due to any sig- 
nificant upward shift on the part of del- 
lator: it is caused by homunculus shifting 
still lower down the forest profile when 


ovipositing. 
(g) Summary and conclusions 


The experimental results just described 
establish that in some way homunculus is 
adaptively superior to bellator in the uti- 
lization of small bromeliads as breeding 
places. The competitive inferiority of bel- 
lator in environments composed entirely 
of small plants is well attested by the com- 
plete reversal of the interspecific ration 
(h/b) in samples recovered from the 
forest platforms when only small plants 
were used. 

No critical evidence is available to dis- 
tinguish between two possible mechanisms 
by which the observed results could have 


5 The discrepancy between feeding and breed- 
ing ranges discussed in this paragraph implies 
that when interspecific ratios (homunculus/ 
bellator) are calculated from ground level sam- 
ples, the values will be higher when they are 
based on breeding plot data than when they are 
derived from captures of feeding adults. Table 
5B lists h/b values obtained at 5 feet at the B 
and C platforms. Capture series nos. 4 and 7, 
which could not be used in the first part of the 
table (5A), conform with the other series in 
having h/b < 1.0 while all the larval data give 
h/b considerably exceeding unity. The C plat- 
form data are similar. 
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Taste 5. The lower distribution on the profile of forest shown by homunculus in its breeding 
activity (Br) as compared with its feeding activity (F) 


A. Activity below 25 feet as per cent total activity (B platforms) 


Feeding (F) Breeding (Br) h-b 
Series b h Series b h F Br 
CS6 46 56 Mar. °45 33 85 10 52 
CS6a 49 54 Apr. °45 59 84 5 25 
CS9 47 60 Jun. °45 41 82 13 41 


B. Interspecific ratio (h/b) at 5 feet (B and C platforms) 


B platforms C platforms 
Series h/b Series h/b 
F Br F Br F Br F Br 
CS4 Mar. '45 0.28 4.7 CS5 Apr. "45 0.24 1.2 
CS6 Apr. °45 0.70 2.0 CS6 Jun. "45 0.30 (14.4) 
CS6a Jun. 45 0.78 (6.9) CS6a 0.43 
CS7 0.38 CS7 0.26 
CS9 0.48 


arisen. These possibilities are: (1) that 
both mosquitoes oviposit in the small 
species to the same extent but there is in 
the small species a differential survival 
(selection) of homunculus larvae; (2) 
that homunculus oviposits more frequently 
in the smaller bromeliads than bellator. 
Such evidence as there is favors the sec- 
ond alternative. It seems improbable that 
a constant effect can be due to selection in 
larval stages when it is produced in the 
interfoliar tank of several distinct plants 
whose water differs markedly: the water 
in Vriesia procera has a high humus con- 
tent and is always brown while in Gus- 
mania lingulata the water is clear and 
relatively free of humus. In spite of these 
conditions, they are both utilized by ho- 
munculus more than by bellator when of- 
fered as an alternative against large plants : 
their only common physical attribute is 
their small size. Further, it should be 
noted that the effect is independent of the 
relative density of the two species. Fig- 
ure 1 plots the mean Guzmania breeding 
index for both bellator and homunculus 
in the four breeding plots a, b, c, and d 


listed in table 3. These four plots were 
in successively wetter parts of the forest 
200 yards apart: as expected the h/b 
fraction rises in the wetter plots but the 
fluctuation of the Guzmania breeding in- 
dices are not correlated with these chang- 
ing mosquito densities. The fluctuations 
run parallel in the two species. 

It seems probable to the writer that 
the physical attribute of the bromeliads 
which is significant in producing the in- 
terspecific difference between the mos- 
quito species in their utilization of large 
and small plants is the size of water sur- 
face offered and the closeness of the leaf 
blades immediately above the surface. 
Thus all the bromeliad species which 
homunculus utilizes successfully 
than bellator have very small water sur- 
faces, and the interfoliar space above this 
which is available for the ovipositing fe- 
male is very confined. On this view bel- 
lator is supposed to require less confine- 
ment and larger water surfaces (cf. Rus- 
sell and Rao, 1942) 

Irrespective of the mechanism involved, 
however, the significance of the result is 
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Fic. 2. The vertical distribution of anophe- 
line oviposition in forest; its relation to the 
distribution of the breeding ground; and the 
associated ecotopic specialization of A. homun- 
culus. 

Oviposition distribution diagramed by smoothed 
curves based on mean per cent values given in 
table 8 (B platforms) of previous paper ( Pitten- 
drigh, 1950b). Bromeliad data are for forest 
strip (excluding its atypical left end which 
overhangs the river) given in figure 7b of the 
first paper in this series (Pittendrigh, 1948). 
This strip was in the immediate vicinity of the 
B platforms which gave the oviposition data. 
Only those bromeliads that made a significant 
contribution to the “breeding ground” are in- 
cluded. Large and small circles distinguish 
large and small species. All the former (Gra- 
visia aquilega (G), Vriesia amazonica (A), and 
Hohenbergia stellata (H)) are in the upper 
levels of the forest. The small black circles 
indicate Gusmania lingulata (and the few plants 
of the closely similar Vriesia simplex): of all 
the small plants which alone penetrate the lower 
forest levels, these are the only two supporting 
anopheline breeding except for Vriesia longi- 


evident when we consider: (1) that the 
shade tolerant bromeliads of the lower 
forest levels are all small species of whict 
Guzmania lingulata is by far the com- 
monest, accounting for about 90 per cent 
of all individual plants; and (2) this is 
the plant population to which homunculus 
is limited in those areas where it overlaps 
with bellator. 

Clearly the advantage homunculus 
possesses in exploiting Guzmania lingu- 
lata is precisely the type of specialization 
that theoretical considerations argue is 
necessary for coexistence with its sister 
species. And, finally, the fact that ho- 
munculus’ oviposition is restricted to still 
lower forest levels than its feeding distri- 
bution argues is necessary—in terms of 
humidity requirement—may well be as- 
sociated with its adaptive superiority to 
bellator in the exploitation of the particu- 
lar segregate of bromeliads which occurs 
in these levels (fig. 2). 


THE ORIGIN OF ADAPTIVE DIVERGENCE 


The data presented in this and the 
preceding paper have concerned two 
quite distinct respects in which Anophe- 
les bellator and A. homunculus are dif- 
ferentiated ecologically: (1) in microcli- 
matic requirement, and (2) in ability to 
utilize a particular segregate of bromeliads 
as breeding places (an ecotopic differen- 
tiation). The following discussion con- 
siders the two questions which remain 
out of the five initially raised in the pre- 
ceding paper: How are the two ecological 
differentials related to one another; and 
what bearing do the results of these in- 
vestigations have on the problem of the 
origin of the two species? 

As far as homunculus in Trinidad is 
concerned, there is one sense in which the 
two ecological differentials are clearly 
related : this mosquito’s ecotopic speciali- 
zation is related in a compensatory way 


bracteata which is rare in the Tamana area. 
The open small circles are Gusmania monosta- 
chia which is limited to the canopy. 

Breeding indices for Gusmania lingulata are 
from the experiments listed in table 3. 
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to breeding problems inherent in its mi- 
croclimatic specialization. Given its 
moisture requirement homunculus would 
evidently be excluded from some 90 per 
cent of its present total range in Trinidad 
if it lacked its ecotopic specialization. 

Further inquiry into the relationship 
between the humidity demands of ho- 
munculus and its fitness to utilize small 
bromeliads leads to the question of speci- 
ation. It is unfortunately true that the 
greater part of the available information 
on the ecology of closely related species 
is equivocal when it comes to inferring 
modes of origin. Consider, for example, 
two sibling species which are kept out 
of competition in their overlap area by 
an adaptive divergence that is also re- 
sponsible for their ultimate geographic 
replacement. This general case may be 
written formally as: 


Replacement Replacement 
Area x(=RAx) Area (=OA) hous 


xX X; Yap Yap' _ case (1) 


where X and Y are sibling species and ap’ ® 
designates those adaptive properties of Y 
that eliminate competition in OA and 
lead to the complete replacement of X 
in RAy. It is impossible with such data 
alone to discriminate between sympatric 
and allopatric interpretations as to the 
speciation and adaptive divergence of X 
and Y. Since ap’ is adaptively meaning- 
ful in both OA and RAy, the overlap can 
equally well be viewed as either primary 
with geographic replacement a _ conse- 
quence ; or it may be itself regarded as a 
secondary phenomena consequent on the 
acquisition of ap? in geographic isolation. 
The discrimination, when it is made, must 
rely on general theoretical considerations 
extraneous to the particular case. It is 
this type of situation on which Moore 
(1949) aptly comments “—evolutionary 


6In this and following formal statements 
adaptive properties (ap’, ap’) are written, for 
simplicity, for only one of the pair of siblings. 
If Y has adaptive properties (ap’) that so dif- 
ferentiate it from X that competition between 
them is eliminated then clearly, by definition, X 
has such properties that differentiate it from Y. 


theory contributes more to the under- 
standing of the data, than the data con- 
tribute to an understanding of evolution.” 

Mayr maintains in his (1947) review 
of ecological problems connected with 
speciation that all forms of the sympatric 
hypothesis are in the long run not only ~ 
faced with theoretical difficulties but are 
apparently unnecessary. His view is, in 
effect, that since no two environments are 
ever exactly alike ecological differentiation 
will virtually always be involved in geo- 
graphic isolation, and siblings will sec- 
ondarily overlap when they have acquired 
adequate divergence in initial spatial iso- 
lation. There can be no question of the 
wide applicability of this view: in many 
cases overlap requirements will be ful- 
filled by ecological differentials evolved 
elsewhere. It constitutes a discrimination 
between the interpretations available for 
case (1) above, and has extraneous con- 
siderations entirely in its favor. 

However, the ecological situation de- 
scribed in this series of papers fails to 
conform to the scheme in case (1) in a 
way which the writer considers signifi- 
cant. Using the same conventions as in 
case (1) the Kerteszia situation in Trini- 
dad may be written as: 


RAx OA RAy 


x X; Yap" ap? Yap! (ap’) case (2) 


where X = bellator, Y = homunculus, ap* 
the microclimatic specialization of ho- 
munculus, and ap* the quite distinct eco- 
topic specialization. RAx corresponds 
with zone D, OA with C, and RAy with 
zone B in Trinidad. The two respects in 
which this situation differs from the gen- 
eral case (1) above form the crux of this 
discussion. They are as follows: (a) the 
fact that ap' (the microclimatic differ- 
ential) could not of itself mainfain the 
coexistence of the two species in OA; it 
is the adaptive superiority of homunculus 
in the utilization of small species of bro- 
meliads (ap*) which renders this pos- 
sible. (b) Further, the adaptive signifi- 
cance of this ecotopic specialization of 
homunculus is not only obvious under 
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overlap conditions, it (the significance) is 
limited to them. This is indicated in the 
formal statement by the inclusion of ap* 
in parentheses under RAy. While Guz- 
mania lingulata is commoner in zone B 
in Trinidad than in zones C and D, its 
abundance relative to large species is 
here no greater than is that of the other 
small species Guzmania monostachia and 
Vriesia procera relative to large plants 
in the drier zones C and D. In this way 
homunculus is no more dependent on G. 
lingulata in B than is bellator on G. mono- 
stachia and V. procera in D. In short, 
both anophelines in their respective re- 
placement areas have complete access to 
the main bromeliad population of large 
species in the canopy, and it is only in 
their overlap where homunculus is forced 
to lower levels that conditions arise which 
lend significance to the ovipositional pe- 
culiarities of this species. 

Now, the crucial point at stake in 
Mayr’s (1947) view of the origin of those 
adaptive divergences that permit second- 
ary overlap is the implicit assumption of 
an ultimate geographic segregation of the 


DepLAceMENT AREA (QAx) 
(zones Dand E » Tinidad) 


Dee 2 


agen (0A) 
(zone C Trinictaa) 


selection pressures necessary to produce 
the divergences involved: that is, a geo- 
graphic segregation of the ecological con- 
ditions into which the siblings segregate 
in their sympatric area. As far as the 
ecotopic peculiarity of homunculus in 
Trinidad is concerned we can discern no 


such geographic segregation. Moreover 


figure 3 which summarizes the relation- 


ships under discussion holds so far as is 
known for the distribution of large and 
small bromeliad types not only in Trinidad 
but elsewhere. Geographic regions (like 
B in Trinidad) which would be humid 
enough for the complete predominance of 
homunculus do not selectively eliminate 
large bromeliads. The particular brome- 
liad species may change but large types 
still prevail in the canopy, and the lower 


_ Shade levels are the only place where there 


is a general trend to small species. Cer- 
tainly this is true of the forests which the 
writer has seen in Venezuela and Brazil, 
as well as in Trinidad. And in Santa 
Catarina, Brazil, even the shade levels 
do not eliminate large types as completely 
as they do in Trinidad, for several large 


DePLACEMENT AREA (RAy) 
(zone Bin ) 


Werree 


Fic. 3. Diagram to summarize the ecological relations between the anophelines and the 


bromeliad flora in three climatic regions. 


Replacement area x is the driest and here homunculus is completely replaced by bellator; 
replacement area y is the wetter and here bellator is replaced by homunculus; the overlap 
area has an intermediate climate and homunculus is forced to lower levels to meet its 
humidity demands. In all regions large bromeliads occur in the canopy and are diagramed 
by large V’s. Small bromeliads occur in the canopy and alone constitute the flora in lower , 
levels; they are diagramed by small V’s. In the overlap area the typical situation is indi- 
cated and also that which occurs in ravines or where lianas reduce light intensity and raise 
humidity to such an extent that large bromeliads disappear (cf. figure 7 in Pittendrigh, 1948) 
and homunculus locally dominates the anopheline population. 


type 


an 
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Canistrum species are here shade tolerant 
and occur alongside small Vriesia species 
in the shade levels filled in Trinidad al- 
most exclusively by Guzmania lingulata 
and the other less common small species 
enumerated earlier. Thus, wherever it 
arose, the differential ability of homun- 
culus to utilize small plants has evident 
significance only in relation to competi- 
tion with another species in the canopy. 
If, therefore, we are to accept the view 
that the widespread ecological overlap be- 
tween bellator and homunculus in Trini- 
dad is wholly conditioned by differentials 
acquired in geographical isolation we have 
to invoke a completely fortuitous origin 
for the particular differential that is really 
responsible for their coexistence inasmuch 
as there is no evidence that homunculus 
would be under any greater selection pres- 
sure in its replacement area to develop its 
ecotopic specialization than bellator would 
have been to develop precisely the same 
ability in its own replacement area. 
While these considerations still do not 
necessarily lead to any unique alterna- 
tive interpretation, they have suggested 
to the writer that the ovipositional habits 
of homunculus have in all probability 
evolved under overlap conditions either in 
Trinidad or elsewhere as a result of selec- 
tion pressures arising from the competi- 
tion they (the oviposition habits) resolve. 
This suggestion leads first to a considera- 
tion of the sympatric spatial segregation 
hypothesis. This interpretation (cf. 
Mayr, 1949) would suppose that within 
a continuous population in an area anala- 
gous to zone C in Trinidad two sub-popu- 
lations (bellator and homunculus) dif- 
ferentiated through spatial segregation in 
relation to drier and wetter parts of the 
forest, that is, in relation to both the ver- 
tical gradient of humidity and the mosaic 
distribution of excessively moist patches 
of forest such as those heavily covered with 
lianas or in ravines. In either case the hu- 
midity differential within such a climatic 
zone is matched by a change in flora be- 
cause here increasing humidity goes hand 
in hand with decreasing light and leads to 


the elimination of all but small shade- 
tolerant plants. The merit of this inter- 
pretation is that it offers a determinate, 
selectionist, origin for both the micro- 
climatic and the ecotopic specialization of 
the homunculus segregate ; and to this ex- 
tent it offers an immediate explanation of 
the presence of the ecotopic character in 
the secondary replacement area of ho- 
munculus where the character has no spec- 
ial adaptive meaning. 

However, general theoretical consider- 
ations weigh heavily against the accept- 
ance of spatial segregation hypotheses in 
general. The greater part of Mayr’s 
(1947) criticism of sympatric speciation 
is not concerned with spatial segregation, 
but he notes the one important difficulty 
facing this hypothesis: it requires that 
considerable gene flow can be offset by se- 
lection. Obviously the question is not 
merely whether selection could ever off- 
set gene exchange; it could were it strong 
enough and gene exchange weak enough. 
The problem is whether it could do so in 
face of the very considerable exchange 
that would occur between segregates such 
as bellator and homunculus on the vertical 
climatic gradient in forest, and the hori- 
zontal gradient in and out of ravines. In 
the present case this seems very im- 
probable. 

The rejection of the sympatric’ hy- 
pothesis does not force us to abandon the 


7 The terminology of isolation processes has 
become somewhat complicated in the recent ex- 
tension of the concept of geographic isolation 
(allopatric) to cover all forms of spatial isola- 
tion (Mayr, 1948, 1949; Lack, 1949 footnote to 
p. 301). The implication of this seems to be 
that only those processes involving no spatial 
displacement of population centers should be 
termed “sympatric.” This serves to emphasize 
the diversity of putative mechanisms previously 
grouped under the term sympatric speciation, 
but it now introduces diversity into the proc- 
esses involving spatial displacement of the di- 
verging populations. It should be recognized 
that in considering the origin of adaptive diver- 
gence between siblings, the distinction between 
complete spatial isolation (geographic or allo- 
patric in the old sense) and incomplete spatial 
segregation (cf. Mayr, 1949) is significant. 
This is well illustrated by the alternatives as 
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suggestion which led to its consideration. 
This was that the ecotopic specialization 
of homunculus had arisen in the overlap 
area because it is only here that we can 
envisage selection pressures of such a 
nature as to give rise to the interspecific 
differential concerned. An alternative ex- 
planation is available. We owe to Lack 
(1947, 1949) the explicit elaboration of 
the possibility that much adaptive di- 
vergence may develop between siblings in 
their overlap area subsequent to allopatric 
speciation. The distinction must be made 
in interspecific relations between mecha- 
nisms effecting reproductive isolation and 
those reducing competition (Lack, 1947; 


they apply to the bromeliad-anophelines. The 
first hypothesis—(sympatric) spatial segrega- 
tion—involves a selectionist account of the origin 
of the ecotopic specialization of homunculus. 
To this extent it constitutes a more attractive 
explanation of the presence of the ecotopic spe- 
cialization in the replacement area (zone B) 
than the appeal to its completely fortuitous 
origin on which the second hypothesis—com- 
plete spatial isolation—must rely in this case. 
Although the hypothesis of spatial segregation 
is rejected for the present case, it should be 
stressed that incomplete segregation and total 
spatial isolation merge into one another and 
we have no reason at present to reject the pos- 
sibility that speciation may occur between sub- 
populations sufficiently segregated to give selec- 
tion the upper hand, but sufficiently in contact 
so that the selection due to their competition 
would give rise to some of the adaptive diver- 
gences necessary for their coexistence. 

Also, since the whole discussion of sympatric 
speciation through spatial segregation devolves 
on the occurrence of sufficiently diverse intense 
selection pressures within a continuous array 
of populations, it is noteworthy that on a 
priort grounds, the necessary conditions are 
more likely to be fulfilled for some groups of 
organisms than for others. For example, it is 
clear that a given environment like rainforest 
is far more diverse in its potential selection 
pressures for a group like the insects than it 
is for the higher vertebrates which are largely 
independent of microclimate and in general far 
less exclusive in breeding ground and food re- 
quirements than the insects. If any concrete 
evidence is to be obtained indicating the efficacy 
of spatial segregation it is least likely to come 
from the higher vertebrates which perhaps sig- 
nificantly offer the bulk of concrete evidence in 
favor of current orthodoxy: total geographic 
isolation. 


Mayr, 1949). The theoretical require- 
ment of effectively complete spatial isola- 
tion for the attainment of reproductive 
isolation does not require the assumption 
that all adaptive divergence observable 
subsequently in overlap areas also evolved 
in spatial isolation. 

Clearly some divergence acquired al- 
lopatrically is essential for any overlap 
to develop initially, but once this is estab- 
lished it may become more extensive as 
the new selection pressures that are pre- 
cipitated lead either to the restrictive 
specialization of adaptive peculiarities al- 
ready evolved elsewhere, or even to the 
origin of “new divergence” that will ef- 
fect the reduction of mutual competition.® 

Lack (1947) gives very clear exam- 
ples of this process in birds. They may 
be written : 

RAy 


RAx OA 

xX | X:Y ap’! 
Where the novel features are the detec- 
table accentuation of divergence (ap’!) in 
the overlap area and the isolation of this 
from the replacement areas x and y as in- 
dicated by the vertical lines. Where the 
peripheral populations of allopatric spe- 
cies overlap there is far more likelihood 
that the consequent interspecific compe- 
tition will lead to local evolutionary 
change if these peripheral populations be 
protected by isolation from the swamping 
effect of gene flow from the central (un- 
affected) populations. 

The relevance of the process Lack has 
described to the problem raised in this 
discussion is obvious. Where part of the 
total adaptive divergence between two 
siblings has discernible relevance only to 
competitive conditions between them in 
their overlap we may well suspect that this 
divergence has originated subsequent to 


Yap’ case (3) 


8 Lack does not explicitly commit himself to 
the origin of “new” divergence in this way; his 
examples are all what may be termed “restric- 
tive specialisation” of old divergences. But the 
origin of “new” divergence, I take to be implied 
in his emphasis on speciation and interspecific 
competition as major factors in the creative as- 
pects of adaptive radiation. 
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speciation and as a consequence of selec- 
tion precipitated by initial contact and 
partial overlap. In Lack’s cases proof of 
this interpretation is available in the form 
of isolated populations in replacement 
areas where competition and the diver- 
gence concerned are absent. In the pres- 
ent case proof awaits an examination of 
large continental populations of ho- 
munculus that are out of competition with 
bellator ; at present no such data are avail- 
able. Nevertheless of the three interpre- 
tations that have been discussed the sec- 
ondary ecotopic specialization of ho- 
munculus is taken provisionally to be the 
most acceptable in view of all the facts. 
Indeed, it seems to the writer not unlikely 
that the particular character of homuncu- 
lus we have been concerned with may 
prove limited to Trinidad where condi- 
tions for its development are remarkably 
favorable. All but a small fraction of the 
homunculus population is here subject 
to competition with bellator. Secondly, 
and this is the important prerequisite, 
it is isolated from populations out of com- 
petition with bellator, if indeed such ex- 
ist. It is clear that the coexistence of 


The Trinidad populations of bellator and 
homunculus are peripheral fragments on the 
northeastern extremity of the range of both 
species, isolated by the severance of the island 
from the rest of the Paria Peninsular of Vene- 
zuela in Miocene or later times (Liddle, 1946). 
It is interesting that they have failed to cross 
the narrow water gap to Tobago in the north 
where an apparently ideal ecological situation 
exists for them in the mountains. A. homun- 
culus is known from Colombia and Brazil and 
bellator from Venezuela, British Guiana, and 
Brazil. In a cursory survey of the situation in 
Sanata Catarina (Brazil) the writer found the 
two species showing the same pattern of cli- 
matic divergence that obtains in Trinidad: 
bellator occupies the relatively drier coastal 
area and is replaced by homunculus in the higher 
reaches of the wet Itajai Valley near Blumenau. 
But as yet nothing is known on the extent of 
their overlap if indeed there is any, or whether, 
if it exists, it is based on the same ecotopic 
divergence that exists in Trinidad. It is noted 
here that bellator does seem to overlap crust 
(a third Kerteszia species) extensively in the 
drier coastal area, and the ecological relations 
of these populations should yield interesting 
results. 


homunculus with bellator could be 
achieved by the secondary development 
of diverse ecotopic differentials in ho- 
munculus in different places depending on 
the available opportunities to escape un- 
equal competition with its sister species. 
In Trinidad Guzmania lingulata provides 
such an opportunity, and the special abil- 
ity to exploit small plants is much more 
relevant here than it would be in Santa 
Catarina, for example (see above). The 
interpretation offered may be summarized 


as: 


Initial isolated contact and par- 
RAx tial overlap in Trinidad; second- RAy 
Continental! ary overlap extensive following |Continental 
the development of ap? 


RAx OA RAy 
xX Yap! 
X X; Yap! ap? Yap! (ap?) 

In concluding, attention is drawn to the 
situation Bates (1949) describes for 
Wyeomyia in Colombia. He notes that 
at least four species of this genus all oc- 
cur in the Villavicencio forests where 
they are using quite distinct types of 
plant water containers (aroids, Helicomia, 
and Ravanela in this case) for breeding. 
While there is every likelihood that adap- 
tive differentiation with respect to climate 
will always be involved in the allopatric 
speciation of insects, it is unlikely that 
such climatic differentiation alone will 
lead to more than very limited overlap. 
Even a forest offers only limited and 
graded climatic diversity and to this ex- 
tent limited opportunity for the coexist- 
ence of competing (sibling) species. The 
high number of congeneric species that 
characterizes the mosquito fauna of many 
tropical regions itself argues for some 
divergence additional to ecoclimatic. And 
as a general case it seems unlikely that 
the intricate array of ecotopic differenti- 
ation that is called for, and is exemplified 
by Bates’ case, corresponds with any geo- 
graphically segregating conditions. In 
these groups secondary adaptive diver- 
gence that is precipitated by interspecific 
competition and exploits local opportuni- 
ties to avoid it will in all probability prove 
widespread where the isolation prerequi- 
site is met. 
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The insistence on effective isolation as 
a condition for evolutionary change to 
ensue in local populations is the main 
point in Mayr’s (1947) criticism of sym- 
patric speciation. But in rejecting the 
latter he seems to criticize unnecessarily 
the inference that much of the adaptive 
divergence between siblings that is evi- 
dent in overlap areas evolved locally be- 
cause of its relevance to local problems. 
This inference, while it may suggest sym- 
patric speciation does not require it. 
There is need for a careful examination 
of the precise nature of the ecology of 
siblings to determine how far they con- 
form to the simple situation where one 
and the same adaptive divergence ac- 
counts both for the satisfactory elimina- 
tion of competition in sympatric areas 
and for geographic replacement. And it 
has been the purpose of this discussion 
more to emphasize the possibility that 
local secondary divergence between sym- 
patric siblings is widespread and ecologi- 
cally detectable than particularly to urge 
acceptance of such an interpretation for 
the present case where proof is lacking 
but obtainable by studies on the South 
American mainland. 


SuM MARY 


(1) The ecoclimatic differentiation of 
Anopheles bellator and A. homunculus 
is reviewed, and the conclusion is drawn 
that this divergence is not adequate to ac- 
count for the extensive overlap which oc- 
curs in Trinidad. Some additional di- 
vergence is necessary to eliminate compe- 
tition for the main breeding facilities pro- 
vided by the forest canopy population of 
large bromeliad species. 

(2) Field observations experi- 
mental results are presented showing that 
A, homunculus possesses the additional 
ecotopic specialization which theoretical 
considerations argue is necessary for its 
coexistence with bellator. This speciali- 
zation consists of the differential ability 
to utilize (oviposit in ?) the water pro- 
vided by small species of bromeliads such 


as those that prevail in the lower forest 
levels. 

(3) In discussing this result it is 
maintained that cases such as the present 
and that of Wyeomyia in Colombia offer 
difficulties for the hypothesis advanced by 
Mayr (1947) that adaptive divergence 
permitting the overlap of siblings is wholly 
of allopatric origin. The difficulty con- 
sists of the failure to detect any geo- 
graphic segregation of selection pressures 
(ecological conditions) that would ac- 
count for the interspecific divergence. 
Such a segregation is however immedi- 
ately obvious in the area of sympatry. 
It is unnecessary to invoke sympatric 
speciation to maintain the position that 
some adaptive divergence, such as the 
ecotopic specialization of homunculus, has 
arisen in the sympatric area in relation to 
the problems inherent in interspecific 
competition. Such divergence may arise 
subsequent to allopatric speciation and 
secondary overlap, if the overlap area is 
isolated as it is in Trinidad. 
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The snakes compose the reptilian order 
Serpentes, which in most classifications 
is bracketted with the Sauria (the lizards) 
as a suborder of an Order Squamata. 
The relation to the lizards is especially 
clear from the remarkable copulatory ap- 
paratus of paired hemipenes, retractable 
by invagination into the base of the tail, 
which is peculiar to lizards and snakes. 
Morphologically the snakes represent a 
single family of lizards, much as the birds 
and mammals represent elaborated single 
orders of reptiles. The reason here pro- 
posed for establishing the snakes as a 
distinct order is an evolutionary one, 
somewhat corresponding to the evident 
reasons for regarding the derived birds 
and mammals as classes equivalent to the 
ancestral Class Reptilia. Renewed evo- 
lution, both in progressive lines and in 
adaptive radiation, has made the snakes 
fully equivalent, as a group, to the lizards, 
with a comparable number of families. 
The taxonomy of the Serpentes offers an 
intriguing subject for an evolutionary es- 
say, because the group, while compact 
and definable, presents on the one hand 
clearly progressive evolutionary trends 
in the development of venom apparatus, 
and on the other many repeated adaptive 
radiations into and within the major habi- 
tats—the terrestrial, the burrowing, the 
arboreal, and the aquatic. The family 
classification employed requires surpris- 
ingly little modification from that of the 
Catalogue of Snakes of G. A. Boulenger 
(1896). 


THe NorMAL SNAKE TYPE 


If one draws in all of the aberrant fa- 
milies, the snakes may be difficult to de- 
fine as a group, but the normal snake type 
is a very distinctive one. Great elongation 


Evotution 4: 79-86. March, 1950. 


of the body is accompanied by complete 
absence of the anterior limbs; great re- 
duction or complete absence of the hind 
limbs; associated elongation of the in- 
ternal organs, with reduction or loss of 
one of the lungs; a peculiarly efficient 
mode of locomotion by wriggling, with 
extreme flexibility of the vertebral column, 
aided by the distinctive character of trans- 
verse ventral plates, whose free posterior 
edges afford purchase against inequalities 


of the substratum. The most fundamental - 


snake character is the capacity for swal- 
lowing whole food of a caliber greater than 
the body diameter of the snake. This is 
accomplished by the attainment of great 
flexibility of the jaw apparatus, by means 
of which the snake literally draws itself 
over the prey; and by extreme expansi- 
bility of the body, produced by the pres- 
ence of soft skin between overlapping 
small dorsal scales. Once the evolution- 
ary trend toward lightness and flexibility 
of the jaw apparatus had set in there could 
not be any,development of the jaws or 
teeth for comminution of the food. A 
great many other general features of snake 
structure, such as the loss of the shoulder 
girdle, may be seen to be associated with 
the food-getting habits characteristic of 
the group. 

The pattern of the head shields is strik- 
ingly fixed throughout the group, and may 
be regarded as a paleotelic inheritance 
from ancestral lizards. The modifications 
of this pattern, even in quite trivial de- 
tails, may be directly associated with di- 
rections of adaptation and evolutionary 
changes of head form. The absence of 
an external ear and of a functional audi- 
tory apparatus is characteristic. 

The eye, in which the clear “spectacle” 
evidently represents a fixed transparent 
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eyelid, exhibits remarkable differences 
from that of lizards and indeed from the 
eyes of all known vertebrates. 


THE EVOLUTIONARY ORIGIN OF THE 
SNAKE GROUP 


There are two opposing theories con- 
cerning the evolutionary origin of snakes, 
related to the two types of elongation of 
body, with reduction of limbs, found in 
lizards. Lizards, in several families, have 
become elongate and limbless in associa- 
tion with burrowing habits, with the de- 
velopment of a most distinctive habitus— 
consolidated head shields overlying a com- 
pact and reduced skull; vestigial eyes; 
ear openings absent; cylindrical elongate 
body, but with a short stubby tail; and 
uniform dorsal and ventral scutellation. 
This type and these characters resemble 
those of the two primitive snake families 
Typhlopidae and Leptotyphlopidae. 

Another trend toward elongation in 
lizards, exemplified by the common “glass 
snake” (Ophisaurus), the blind worm 
(Anguis), the African Chamaesaura, and 
above all by the Australian family Py- 
gopodidae, reaches quite the same degree 
of elongation of body and reduction of 
limbs, but with an elongate tapering tail, 
no reduction of skull or eyes, and some- 
times at least without reduction of ven- 
tral plates. This lizard type points to- 
ward a central ancestral type of snake, 
from which the burrowing snakes with 
reduced eyes and shortened tails could 
very evidently be derived. Even the pe- 
culiar spectacle of the eyes of snakes has 
various analogues in lizards. 

Gordon Walls, however, from the ex- 
amination of the eyes of both lizards and 
snakes, comes to the very different con- 
clusion that the primitive snake was an 
elongate lizard of the first type, in which 
the eye had become extremely degenerate. 
He accounts for the unique structure of 
the snake eye as an evolutionary develop- 
ment of structures de novo, as, in fact a 
parallel evolution of an eye from what, at 
least somatically, was no more than a 
vestigial retina. Walls has cogent argu- 


ments, but the whole matter requires re- 
newed scrutiny; Walls’ appears to have 
made the assumption that snakes with re- 
duced eyes and a burrowing habitus (like 
Typhlops) are primitive, and this is quite 
untenable in any overall view of the snake 
group. Mahendra’s phylogenetic scheme 
also assumes the Leptotyphlopidae and 
Typhlopidae to be the most primitive of 
snakes (Mahendra, 1938, p. 354, fig. 3). 
This seems to me entirely untenable ; these 
families are the most specialized bur- 
rowers, their relations obscured by re- 
gressive evolution, though plainly deriv- 
able from a boid or proto-boid stock. 
One evolutionary correlation of the rise 
and success of the snake type, with its 
abundant speciation and radiation into 
the major habitats and the available habi- 
tat niches, appears to be with the rise and 
speciation of the rodent group, which 
forms the basic food supply of the most 
abundant and successful stocks of snakes. 
Unfortunately, there is little information 
from paleontology that can be brought 
to bear on the problems of the origin and 
dispersal of snakes. The first known 
true snakes seem to be gigantic boa or py- 
thon-like forms of the Cretaceous. 


LEVELS OF PROGRESSIVE EVOLUTION 


Throughout the snake group there ap- 
pears to be a trend toward development 
of a poisonous saliva and of correlated 
means of conducting it into the wounds of 
the animals preyed upon, and this direc- 
tion of evolution is evidently progressive 
in the sense of increased efficiency of food 
getting. It should perhaps scarcely be 
necessary to point out that the use of the 
venom in defense against larger enemies is 
strictly secondary. A simple point of de- 
parture for the evolution of venom ap- 
pears to be present in the mildly venomous 
reaction of the salivary secretions of even 
ordinary snakes, which, however, have 
no effect at all (except perhaps anti- 
biotic) on the human blood. 

The correlation of complete lack of 
venomous saliva, unmodified supra-tem- 
poral gland, and absence of apparatus for 
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injecting venom in the series of families 
of snakes in which vestiges of the pelvic 
girdle or of hind limbs are to be found 
establishes a primitive evolutionary level 
discernible in existing snake types, es- 
pecially in the two families Boidae and 
Pythonidae. These snakes also have a 
considerable development of the right 
lung. We may think of the several spe- 
cialized burrowing families with pelvic 
girdle vestiges as being derived from this 
level and from the generalized boa-python 
type. 

A second level may be seen in the 
great majority of existing types of snakes 
of the family Colubridae, plus the spe- 
cialized mud burrowers Xenopeltidae, the 
peculiar South Indian shield-tailed snakes 
Uropeltidae, and the extremely distinct 
aquatic family Achrochordidae. All of 
these snakes have the skull reduced to its 
final form by loss of the teeth on the pre- 
maxilla and loss of the coronary bone in 
the lower jaw, and all have the right lung 
reduced to a vestige. Most of the genera 
are without evident venom or venom 
conducting apparatus, but a large number, 
distinguished somewhat artificially as the 
subfamily Boiginae, have enlarged supra- 
temporal glands and some of the teeth at 
the rear of the maxilla enlarged and pro- 
vided each with a groove, evidently as a 
primitive and quite inefficient venom con- 
ducting apparatus. I shall return to the 
discussion of the subfamilies of the Colu- 
bridae in connection with adaptive radia- 
tion. 

The third and most advanced level 
among existing snake types is that of 
forms with an extremely potent venom, 
in combination with an effective hypo- 
dermic apparatus for injecting it. This 
level appears to have been reached in two 
quite independent directions, by the de- 
velopment of hypodermic fangs at the 
front of the jaw (in the Proteroglypha) ; 
and by the development of an extremely 
shortened maxilla provided with only a 
single pair of hollow teeth (to allow for 
replacement, only one is ordinarily func- 
tional), and capable of rotation forward 


into effective striking position and of be- 
ing folded back into the mouth when not 
in use (Solenoglypha). Each of these 
types has two sharply distinct families. 

Clues as to the mode of evolution of the 
hollow fangs and of the folding fang are 
to be discerned by analogy in various 
biological series. The hollow needle-like 
fang is quite evidently formed from a 
fang with a groove on its anterior surface 
by the deepening and anterior closure of 
the groove—the resultant seam being 
readily visible in most proteroglyph fangs. 
Within the proteroglyph family Elapidae 
there is a clear trend from a primitive 
type with an elongate maxillary bone, 
with numerous grooved teeth in a series 
enlarging from rear to front, by shorten- 
ing of the maxilla and reduction of the 
number of teeth to the single venom-con- 
ducting fang, with a paired socket, provid- 
ing for growth and replacement. The 
perfected single-fanged type is seen in 
some cobras (Naja) and the American 
coral snakes (Micrurus). Surprisingly 
detailed evolutionary trends may be dis- 
cerned in the fangs of snakes, as shown 
by Bogert’s study of the venom-spitting 
apparatus of cobras (Bogert, 1943). 

It is an interesting speculation, though 
perhaps only a speculation, to regard the 
fangs of the folding-fanged Viperidae and 
Crotalidae as derived from a rear-fanged 
snake ancestor by reduction of the maxilla 
from front to back, the opposite of the 
direction of reduction in the Protero- 
glypha. In any case, the rotation of the 
maxillary bone in both colubrine and 
boigine types may be highly developed ; 
it functions to bring enlarged rear teeth 
into play (Boulenger, 1915; Haas, 1931). 
Mosauer’s studies on the body myology of 
snakes (1935) and those of Haas (1931) 
on the jaw musculature have not yet 
been adequately integrated with other 
lines of evidence bearing upon the rela- 
tions of the families of snakes. It seems 
evident that the field is open for effective 
further study, which is not attempted in 
the present essay. 
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SUCCESSIVE ADAPTIVE RADIATIONS 


Even more interesting than the pro- 
gressive trend toward the evolution of 
an effective venom that serves to bring 
relatively large prey under control are 
the repeated adaptive radiations, from each 
of the successive levels, into the major 
habitats—terrestrial, subterranean, arbo- 
real, and aquatic. Review of the families 
and subfamilies of snakes brings out the 
fact that they fall into two sharply con- 
trasting types—the generalized and the 
specialized. The generalized families are 
those that exhibit within themselves the 
capacity for adaptive radiation; the spe- 
cialized are the results of one of the di- 
rections of such adaptation. These two 
contrasting types of category may be dis- 
cerned in the subdivisions of any large 
group—the orders of reptiles, or of mam- 
mals, for example. For the most part the 
specialized families and subfamilies pre- 
sent aspects of irreversibility of evolution. 
All of the numerous biological series dis- 
cernible among these several directions of 
adaptation appear clearly to be directed 
trends toward progressively improved ad- 
justment to the habitat in question. 

A further type of specialization, which, 
at least in the snake group, is associated in 
each case with only one of the major habi- 
tats, is that in the direction of a specialized 
food—as egg-eating, snake-eating, or eel- 
eating. 

Among the families of the primitive 
level the only generalized types are the 
Boidae and Pythonidae. These families 
have variously been regarded as subfam- 
ilies or even merged as a single family. 
The touchstone of independent adaptive 
radiation, however, combined with radi- 
cally different world distribution patterns, 
favors placing them as distinct families. 
The ovoviviparous habit, uniform in the 
Boidae, contrasts sharply with the ovi- 
parity of the Pythonidae; this character 
has not been given much weight, since in 
the higher snakes it is often clearly less 
sharply associated with taxonomic groups. 
It must be remembered that a “character” 


must be reexamined as to its weight in 
classification at every new evolutionary 
level, and indeed in every new group in 
which it is to be applied. 

The specialized families at the level 
with pelvic vestiges are the two radically 
modified burrowing types, the Typhlopi- 
dae and Leptotyphlopidae, which repre- 
sent the extremes of the burrowing habitus 
with cylindrical bodies, greatly modified 
head shields, vestigial eyes, short tails, and 
no ventral plates. Superficially they look 
extremely similar. In skull structure they 
are sharply different, and evidently repre- 
sent two entirely independent entries into 
the subterranean realm. The third of 
the burrowing families, the Anilidae, is a 
mud or leaf-mold burrower, remarkable 
in having a genus in South America and 
two in Southern Asia. 

The Typhlopidae (including the “Ano- 
malepidae’”’) and Leptotyphlopidae share 
with the Uropeltidae divergence from all 
other snakes in having two scale rows pet 
body segment instead of one (Camp, 
1923, p. 302). This phylogenetic lead 
seems not to have been followed out by 
subsequent studies. Mosauer (1935) has 
shown that the Typhlopidae are extremely 
specialized in body musculature. 

In the intermediate level, the great ma- 
jority of living types of snakes belong to 
the Colubridae, with its six subfamilies. 
Of these only the Colubrinae and Boiginae 
are generalized groups, but these include 
an almost bewildering series of terres- 
trial, burrowing, arboreal, and aquatic 
forms, each adaptational trend exhibit- 
ing numerous transitions, so that the in- 
ference of adaptational evolution becomes 
extremely convincing. 

The fully distinct families in the colu- 
brid level are the Uropeltidae, the shield- 
tailed burrowing snakes of southern India 
and Ceylon; the Xenopeltidae, a mono- 
typic family whose representative has the 
habitus of a mud-burrower; and the 
Achrochordidae, a group of two genera, 
Achrochordus and Chersydrus, represent- 
ing a most complete aquatic adaptation at 
the non-venomous level. These snakes 
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entirely lack ventral plates, have lost the 
usual snake head shields, and have the 
nostrils placed in raised eminences on the 
upper surface of the snout. 

The specialized subfamilies of the Colu- 
bridae are the Sibynophinae, presumably 
snakes of peculiar food habits, essentially 
terrestrial or burrowing, with a peculiar 
structure of the lower jaw resembling that 
of Xenopeltis; the semiaquatic Xeno- 
derminae, which point toward the Achro- 
chordidae ; the aquatic fish and frog eat- 
ing Homalopsinae ; the arboreal and slug 
eating Dipsadinae ; and the terrestrial egg- 
eating Dasypeltinae. 

The great remaining complex of the 
Colubrinae falls into two well-distin- 
guished series in the Americas, placed by 
E. R. Dunn (1928) as the distinct sub- 
families Natricinae and Ophiinae; these 
categories, tested against the Old World 
genera by Bogert (1940), do not seem to 
hold. The major remaining taxonomic 
problem at the family and subfamily level 
lies in this complex of about 250 genera, 
in which the Boiginae are to be regarded 
as evidently polyphyletic. 

The Boiginae, sharply set off by Bou- 
lenger as the “Opisthoglypha”—the rear- 
fanged snakes—has been shown by nu- 
merous students of snake taxonomy to be 
an artificial assemblage of forms indepen- 
dently derived from specifically determin- 
able “‘aglyph” genera. Thus Chrysopelea 
is derived from Dendrophis by Meise and 
Hennig (1935), who point to the develop- 
ment of a degree of venomousness in 
Dendrophis, which is without venom con- 
ducting teeth, and to the fact that the 
derived Chrysopelea has a varying num- 
ber of grooved teeth at the rear of the jaw. 
This fact, together with the numerous 
grooved teeth of the primitive “protero- 
glyph” elapids seems to point conclusively 
to a tendency widespread in the Colu- 
bridae to develop grooves on the teeth, 
which obviously serve a venom conduct- 
ing function. 

At the third level, in which all of the 
snakes are characterized by an effective 
venom apparatus, on which they depend 


to subdue or obtain their prey, no less than 
three families are of the generalized type 
derived from stocks from the basic terres- 
trial habitat. The front-fanged Elapidae 
exhibit the subterranean or partly sub- 
terranean coral snakes, the arboreal mam- 
bas, the banded watersnakes of Africa, 
and a wide variety of terrestrial genera. 
The folding-fanged vipers ( Viperidae) 
are quite evidently more primitive than 
the pit-vipers (Crotalidae), also with 
folding-fangs, which have the highly 
elaborated specialized character of the 
sensory facial pit. Both Viperidae and 
Crotalidae clearly exhibit the capacity 
for adaptive radiation as may be seen 
from the following generic examples: 


Viperidae Crotalidae 
Terrestrial | Vipera, Bitis | Crotalus, Lachesis 
Arboreal Atheris Trimeresurus (part) 
Burrowing | Atractaspis 
Cerastes Crotalus (part) 
7 [Aspis] 
Aquatic — A gkistrodon (part) 


The adjustment to the burrowing and 
arboreal habitats has reached a fixed 
generic level in the Viperidae and not in 
the Crotalidae, which fits the supposition 
that the vipers are the older group. 
Returning to the front-fanged group 
there remains the specialized family of the 
sea snakes, the Hydrophidae, with two 
subfamilies Laticaudinae and Hydrophi- 
nae. The Laticaudinae, though very 
aquatic and provided with a greatly flat- 
tened oar-like tail, are almost an ideal 
intermediate between the Hydrophinae 
and the patently ancestral Elapidae. The 
Hydrophinae exhibit every characteristic 
of the aquatic snake developed to an ex- 
treme—ventrals completely lost, nostrils 
superior, nonimbricate scales, greatly flat- 
tened tail—whereas the Laticaudinae have 
functional ventrals, overlapping scales, 
and more nearly normal head _ shields. 
The Laticaudinae, finally, lay eggs in crev- 
ices in coral above tide-mark, whereas 
the Hydrophinae are completely free from 
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the land and produce living young at sea. 

The sea snakes are naturally fish eaters 
with a strong predilection for eels, curi- 
ously enough for the banded eels of tropi- 
cal seas, which many of the sea snakes 
strikingly resemble. 


EVOLUTIONARY ADAPTATION TO 
ENVIRONMENT 


Adaptive responses to mechanical 
needs, apparently focussed upon mechani- 
cal stimuli, are repeatedly to be found 
in the highly adapted forms. Arboreal 
snakes, for example, tend to great elonga- 
tion of the body, except in the vipers and 
pit-vipers, in which a normal short-tailed 
stocky body form was the level of depar- 
ture. Arboreal forms in these families 
accordingly develop a characteristic pre- 
hensile tail from which the little viperine 
Atheris or crotaline Trimeresurus hangs 


a 


NON-VENOMOUS 


Fic. 1. 


Evolutionary diagram of the families and subfamilies of snakes. 


suspended, with the opportunity to form 
a horizontal coil in the air from which to 
strike. 

In the arboreal colubrid snakes, elonga- 
tion of the body is the rule, often with 
striking parallels in two quite distinct 
types of cryptic coloration. Two types of 
head form are combined with the elongate 
body—extremely elongate and greatly 
shortened. The elongate body may be 
seen to be capable of lateral compression 
or to be permanently compressed, and one 
needs only watch a living /mantodes 
bridge from one branch to another to see 
how effectively the I-beam principle comes 
into play. Indeed, this is carried to a 
great extreme in some snakes with greatly 
compressed bodies, in which the mid- 
dorsal scale row is enlarged to about the 
width of the ventral scales. Expansions 
of the dorsal spines of the vertebrae of 
certain snakes support such enlarged dor- 


EFFECTIVE VENOM APPARATUS 


PRIMITIVE VENOM APPARATUS 


UMB VESTIGES PRESENT 


Generalized 


families indicated by (G) ; specialized by (S) ; approximate number of genera in each family 


indicated in arabic numerals. 
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Fic. 2. Phylogenetic “family tree” of the families and subfamilies of 
snakes, in cross section representing the trunks and main branches. Symbols 


as in figure 1. 


sal scales, but the functional relation is 
quite unknown in them. 

Perhaps one of the most remarkable of 
the exact adjustments of snake structure 
to function is that of the egg-eating snakes, 
the Dasypeltinae, in which the esophagus 
is supplied with an “egg-saw” formed by 
the elongated and sharpened ventral 
spines of a series of neck vertebrae, the 
spines entering the dorsal wall of the 
esophagus. These snakes feed mainly 
upon eggs. The egg is swallowed to the 
level of the egg-saw, where a little pres- 
sure pierces the egg shell, the contents of 
which are forced into the stomach by the 
pressure of the distended neck; where- 
upon the pellet of egg shell is regurgitated. 
By one of the most recent improvements 
in snake classification the two genera, 
Dasypeltis in Africa and Elachistodon in 
India, in which this remarkable apparatus 
is found, are now associated in the sub- 
family Dasypeltinae. They had for years 
been widely separated because FElachisto- 
don has grooved rear fangs and Dasypeltis 
has not. Dasypeltis however, has a greatly 


reduced dentition, and it is far simpler to 
infer the loss of the fangs than to sup- 
pose that so extreme an adaptation as the 
esophageal egg-saw had arisen in de- 
pendently (Malcolm Smith, 1943). 

A notable adjustment in body form to 
the mechanical requirements for “strik- 
ing” in a venomous snake is to be seen 
in the “plesiosaur form” of the more 
highly developed sea snakes. These crea- 
tures, especially in the genus Hydrophis, 
reach a large size (six to eight feet length) 
and have peculiar proportions, in which 
the head is almost ridiculously small and 
the anterior half of the body slender, its 
diameter no more than a third or even a 
fourth of that of the posterior third of the 
animal. Quite evidently the inertia of 
the bulky posterior part of the body makes 
it possible for the snake while freely sus- 
pended in the water to extend its neck 
in the rapid stroke required to reach its 
prey; and this of course is in part an ex- 
planation of the body form of the plesio- 
saurs and of the long necked turtles as 
well (Boulenger, 1913). 
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The highlights of interest in the classi- 
fication of snakes are presented as a 
sketch of a more extended treatment, long 
planned. It appears to me that the clas- 
sification fits extraordinarily well into an 
evolutionary framework. That the evo- 
lutionary patterns discerned are matters 
of inference must be freely admitted. 
Snakes have left few fossils, and their 
genetics is only beginning to be examined. 
The systematist must accordingly present 
his inferences to his colleagues in the hope 
that they may derive useful comparisons 
or clues for a more highly developed sys- 
tematics of the future. 

I have attempted to set forth the rela- 
tions of the families, with an indication 
as to their number of genera, and as to 
whether they are specialized or general- 
ized, in the usual type of so-called family 
tree (fig. 1). Such a diagram is so evi- 
dently misleading that I have redrawn it 
also in cross section, or rather in cross 
section of a tree with shorter and shorter 
branches on one side, like a wind-modified 
Acacia (fig. 2). 
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INTRODUCTION 


One of the vexing problems of geo- 
graphic distribution is the explanation of 
why one suborder of rodents, the Hys- 
tricomorpha, is characteristic of South 
America, the southern parts of Eurasia, 
and Africa, but does not seem ever to 
have been present in North America un- 
til very recent times. Few authors have 
doubted that the Hystricomorpha repre- 
sent a natural group with a common an- 
cestry. In order to explain this distribu- 
tion, it has been necessary to invoke con- 
tinental drift, land bridges, trans-oceanic 
floating, or other hypotheses which seem 
rather dubious to many students. An at- 
tempt will be made to show that an al- 
ternative interpretation, involving only 
more orthodox and established migration 
routes, is at least as well supported by 
the available evidence. 

The Hystricomorpha include a_ basic 
group of recent forms, together with their 
fossil relatives, which are almost univer- 
saly considered to be closely related. This 
group includes numerous South American 
rodents (porcupines, guinea pigs, chinchil- 
las, agoutis, pacas, vizcachas, capybaras, 
etc.); our North American porcupine 
(Erethizon) ; the African, South Asiatic, 
and southern European porcupines ( Hys- 
tricidae) ; and the African Petromyidae 
and Thryonomyidae. In addition, a num- 
ber of other families, restricted to Africa, 
whose correct taxonomic position is very 
uncertain, are often placed here ( Bathyer- 
gidae, Ctenodactylidae, Pedetidae and 
Anomaluridae ). 


1 This study was assisted by a grant from the 
Marsh Fund of the National Academy of 
Science. 


Evo.ution 4: 87-98. March, 1950. 


DISTRIBUTION OF THE HyYSTRICOMORPHA 


Since Erethizon is clearly of South 
American origin, having reached North 
America only after the union of the two 
continents at the close of the Tertiary, 
the centers of radiation of the modern 
Hystricomorpha are obviously South 
America on the one hand and Africa and 
perhaps southern Asia on the other. 

During nearly all of Tertiary times, the 
hystricomorphs made up the entire rodent 
fauna of South America, the few non- 
hystricomorphs in the present and re- 
cently extinct faunas being mouse-like 
or squirrel-like forms, derived from North 
America, which moved into South Amer- 
ica after the connection of the two conti- 
nents through the isthmus of Panama in 
the late Tertiary. At the same time, a few 
South American hystricomorphs moved 
up into North America, of which the only 
survivor, north of Mexico, is Erethizon. 
At no time in the earlier Tertiary are 
there any known fossils from North Am- 
erica which.can be interpreted as being 
hystricomorphs.*/ The only Tertiary 
North American rodents that show any 
indications of being related to the hys- 
tricomorphs are certain Eocene rodents, 
particularly the Paramyidae, which are 
sufficiently primitive and generalized so 
that they were very close to being an- 
cestral to all the later rodents. But, by 
no stretch of the imagination could they 
be considered to have been _hystrico- 


2 One form, Hystricops, was described by its 
author as a porcupine (Leidy, 1858). However, 
Stirton (1935, p. 414-415) in his review of the 
beavers, considers this to be only a somewhat 
aberrant beaver, an opinion concurred in by all 
other students. 
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morphs, since they belonged to a differ- 
ent and more primitive suborder.’ 

The South American hystricomorphs 
are all closely related, and, as we go back 
to the earlier fossils, they are continually 
less and less diverse, until, when we reach 
the earliest known South American de- 
posits in which rodents have been found, 
the Lower Oligocene Deseado, there are 
only four or perhaps five families repre- 
sented. There is sufficient structural 
unity among these early forms so that 
there seems to be very little doubt but that 
they are descended from a common an- 
cestor which lived in the latter part of the 
Eocene. Therefore, only a single rodent 
type would need to have been brought 
into South America to permit the devel- 
opment of its hystricomorph fauna. Al- 
though no rodents are known from South 
America before the beginning of the Olig- 
ocene, our knowledge of the Eocene is 
essentialy limited to Patagonia, so that the 
exact time of their arrival in the rest of 
South America is uncertain. However, 
since the Eocene faunas of Patagonia are 
well known (Simpson, 1948), and since 
rodents are fairly numerous in Patagonia 
beginning with the Deseado, it seems 
reasonable to assume that they had only 
just reached Patagonia at that time. Al- 
though we do not know when they 
reached South America, it seems probable 
that it was not long before Deseadan time. 
A reasonable hypothesis would involve 
their having arrived in South America in 
very late Eocene time. 

The true porcupines of the Old World, 
the Hystricidae, are sparsely represented 
in the Oligocene and later deposits of 
southern Europe, the late Tertiary of In- 
dia and China, and the Pleistocene of Af- 
rica. Their rarity as fossils in the Tertiary 
of Europe and Asia suggests that Africa 
may have been their center of distribution. 
Suborder Protrogomorpha according to 
Wood, 1947; Superfamily Aplodontoidea of 
Suborder Sciuromorpha according to Simpson, 
1945 and Wilson, 1949. The difference is 
largely one of terminology, there being agree- 


ment as to the fundamental relationships of 
the forms. 


When they first appear, they are already 
true Hystricidae, with no indications of 
approaching closely to any ancestral type. 

The other families of Old World hys- 
tricomorphs are of essentially unknown 
relationships. They may or may not be 
related to the Hystricidae or to each other. 
They are all practically unknown as fos- 
sils, though a few fragmentary specimens 
have been referred, often with doubt, to 
some of these families. Due presumably 
to the rarity of fossil mammals from Af- 
rica, we know nothing of their evolution- 
ary history. 


EXPLANATIONS FOR THE DISTRIBUTION 


Several possible explanations for these 
facts of distribution have been suggested. 
It has been proposed: (1) that the South 
American forms are descended from Old 
World (presumably African) rodents 
which crossed what is now the South At- 
lantic; (2) that the African forms are de- 
scended from South American ones; (3) 
that an Old World hystricomorph spread 
across Asia and North America into 
South America; or (4) that the two 
groups have been independently derived 
from non-hystricomorph ancestors. Some 
authors merely avoid the problem, and 
consider all the hystricomorphs to be re- 
lated, without committing themselves as 
to the mechanics of distribution involved. 

The first two alternatives would require 
continental drift, trans-oceanic land 
bridges, trans-oceanic island chains, or 
trans-oceanic floating of a pregnant early 
hystricomorph on a natural raft. The 
third and fourth possibilities require either 
arrival in South America before it was 
separated from North America, use of a 
Panamanian or Antillean island chain, or 
long distance raft floating. 

The first hypothesis, that the South 
American hystricomorphs are descendants 
of rodents whcih crossed the South At- 
lantic, has had numerous supporters. 
Some of these have merely implied that 
this is what occurred (Scott, 1937, p. 
262; Simpson, 1940c, p. 685; Wilson, 
1949, p. 129), but others have been more 
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explicit (Loomis, 1914, p. 184; Romer, 
1945, p. 504). 

Although Simpson has demonstrated, 
in connection with the Tertiary history of 
South America, that the evidence of mam- 
malian paleontology is clearly opposed to 
drifting continents or trans-oceanic pon- 
ton bridges,* he leaves the question of the 
hystricomorphs open as perhaps being an 
exception to the general rule that the 
South American mammal fauna was de- 
rived from North American ancestors 
(1940a, p. 763-764 ; 1940c, p. 685; 1943a, 
p. 12). 

From some time in the Paleocene until 
the Pliocene, all the fossils indicate that 
South America was isolated from the rest 
of the world and that the South American 
mammals were evolving in directions of 
their own, not influenced by immigrants 
from the rest of the world, with two or 
three exceptions, of which the hystrico- 
morphs and perhaps the primates are the 
most striking (Simpson, 1943b, p. 417). 
This certainly means that there were no 
broad continental connections such as the 
drift hypothesis would involve, nor even 
a connection by a continuous land bridge, 
since, with interconnections of this sort, 
there must be an exchange of faunas and 
not merely of single forms. 

The possibility of a chain of islands 
(either trans-Atlantic or via Antarctica) 
remains to be considered. This would 
permit a sweepstakes route to develop, 
under which the unilateral exchange of 
only a single member of the fauna is pos- 
sible (Simpson, 1940b, p. 152-157). Al- 
though there is no geologic evidence that 
there was such a route during the Ter- 
tiary, this is not surprising since most of 
such a route would be beneath either the 
ocean or the Antarctic ice cap at the pres- 
ent time. Therefore, the hypothesis that 


*That his work has not been adequate to 
eliminate the ideas of drifting or of trans- 
oceanic land bridges is shown by the recent 
statement by Wolfson, that “it would seem that 
future biogeographical studies cannot avoid the 
use of the multiple geological hypotheses of 
permanence, drifting and foundering.” (Wolf- 
son, 1949, p. 1931.) 
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such an island route was used must be 
further analyzed from the point of view 
of the relationships of the hystricomorphs 
themselves. This will be attempted below. 

The possibility that a pregnant early 
ancestral hystricomorph floated across the 
South Atlantic from Africa to South 
America on a natural raft has been sug- 
gested by authors who consider that the 
South American forms have been derived 
from Old World ancestors, but who be- 
lieve in the sanctity of continents (Mat- 
thew, 1915, p. 231; Wilson, 1949, p. 129). 
The floating hypothesis seems so improb- 
able, in view of the great distances in- 
volved and the time and food supply that 
would be required for the trip, that it 
can almost be relegated to the category of 
the impossible, and, I believe, should be 
seriously considered only if every other 
explanation is shown to be impossible. 

The second explanation for the known 
distribution, involving migration from 
South America to Africa, has been much 
less popular, probably because it still 
leaves the problem of the origin of the 
South American hystricomorphs unsolved. 
Joleaud (1919) has been nearly alone, 
since the days of Ameghino, in suggest- 
ing such a direction of migration. As in- 
dicated above, neither continental drift 
nor a land bridge could be used as the 
migration route, and an island chain or 
trans-Atlarttic floating remain the only 
possibilities. Due to the directions of 
the currents and of the prevailing winds 
(at least at the present time), floating 
eastward seems even more unreasonable 
than floating from Africa to South 
America. 

Since it appears almost certain that the 
ancestral hystricomorphs reached South 
America over an island chain, it would seem 
intrinsically more reasonable to suppose 
that this island chain connected with North 
America rather than with the Old World, 
as we know that islands were present, at 
least part of the time, along both the line 
of the West Indies and the Central Amer- 
ican axis, and we do not know that they 
were present in any other direction. 
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Transfer by accident, from one island to 
another, would readily explain the ar- 
rival of hystricomorphs in South America 
without other faunal interchange. It 
might be argued that, since other mammals 
did not use this route, the ancestral hys- 
tricomorphs probably did not. However, 
this is no more valid than is an argument 
that, since no other terrestrial placentals 
invaded Australia during the Tertiary by 
way of the East Indies, the Muridae did 
not. Actually, the South American mon- 
keys may have gone from Middle Amer- 
ica to South America at about the same 
time as the hystricomorphs or slightly 
later, along the same route (Stirton, 1949, 
p. 1922). If this were the method of ar- 
rival, the immigrant could either have 
been an Old World hystricomorph, which 
had spread across North America, or some 
native North American rodent which was 
developing hystricomorph tendencies in- 
dependent of the Old World forms. These 
are the third and fourth of the possible 
explanations listed above. 

The third hypothesis, that the hystrico- 
morphs crossed North America leaving 
no trace of their transit, has probably 
been the most popular opinion of the 
conservative school, though few authors 
have specifically supported it in recent 
years. Since the hystricomorphs presum- 
ably were not differentiated before the 
Middle Eocene at the earliest, this repre- 
sents the earliest date at which they could 
have crossed North America. This is 
after the breaking of the continuous land 
connection between the American con- 
tinents. 

When dealing with fossils, one must al- 
ways remember that the absence of certain 
forms in any specified region merely indi- 
cates that such fossils have not yet been 
found there. This may be because they 
did not live there, or it may be due either 
to the accidents of collecting or to the 
absence of fossiliferous strata of the right 
age. However, the continental Tertiary 
deposits of western North America are 
among the most wide-spread of the world, 
they are abundantly fossiliferous, and they 


have been both extensively and intensively 
investigated for many years. Even 
twenty-five years ago, Matthew (1915, p. 
230) considered it very doubtful that the 
absence of porcupines from the early 
Tertiary of North America was due to 
accidents of collecting, and, with the 
greatly increased collections now avail- 
able, it seems almost incredible at the 
present time that such should be the case. 
The only conclusion that appears to be 
at all probable is that there were never 
any hystricomorphs in North America 
until the arrival of the few invading forms 
from South America at the close of the 
Tertiary, by which time they had already 
attained their modern form and evolution- 
ary status. 

The fourth hypothesis, that the South 
American group has been derived from 
non-hystricomorph North American an- 
cestors independently of the Old World 
hystricomorphs, has never been exten- 
sively championed in print. Such a hy- 
pothesis, however, would solve all the 
problems of distribution, and would be 
much the most preferable if it were sup- 
ported by morphologic or paleontologic 
evidence. As will be indicated below, 
there is some paleontologic evidence which 
suggests that this may be the correct ex- 
planation. A variant of this hypothesis, 
that the South American forms are de- 
scended from Paleocene immigrants from 
North America, has been suggested by 
Wilson (1949, p. 129), only to be dis- 
carded as too improbable for considera- 
tion. 


ORIGIN OF THE SouTH AMERICAN 
HyYstTRICOMORPHS 


Since the previous analysis did not 
settle the question of how the hystrico- 
morphs reached South America, another 
approach will be tried. Can we solve 
the distributional problem by determining 
the group of rodents that actually were 
ancestral to the South American forms? 
Several groups of rodents have been sug- 
gested as being the possible ancestral 
stock. These include the Hystricidae and 
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Theridomyidae of the Old World and the 
Sciuravidae and Paramyidae of North 
America.° 

The appearance of the hystricomorphs 
in the early Oligocene of South America 
indicates that, if they crossed from the 
Old World, it must have been shortly 
prior to that date. The Hystricidae are 
not known from deposits as early as this. 
Moreover, the early members of the Hys- 
tricidae are much too specialized, in the 
peculiar developments of their cheek 
teeth, to be ancestral to the Deseadan 
forms, nor is there any suggestion that 
any of their near ancestors could have 
given rise to the South American forms. 

The Theridomyidae have often been 
considered to be ancestral to the hystrico- 
morphs in general. The members of this 
family (excluding those forms that are 
frequently but almost certainly errone- 
ously referred here) are known from the 
Upper Eocene and Oligocene of Europe. 
They show superficial similarities to the 
hystricomorphs, particularly in possessing 
a large infraorbital foramen, but they also 
show fundamental dissimilarities from the 
South American hystricomorphs at least, 
particularly in the tooth pattern. The 
most readily observed of these differences 
is the presence of five cross crests in the 
upper cheek teeth in Theridomys, instead 
of four as in the South American Hystrico- 
morphs, the central one being the extra 
one. The differences are sufficiently 
marked so that it seems clear, on morpho- 
logic grounds, that the Theridomyidae 
cannot be ancestral to the South American 
forms (Friant, 1933, p. 1059; Wood, 
1949, p. 46). Those few students who 
have recently studied the theridomyids 


5 The Sciuravidae and Paramyidae are con- 
sidered by many authors (Simpson, 1945, p. 
200-201; Wilson, 1949, p. 87-88) to be sub- 
families of the family Ischyromyidae, a group 
which the present author considers a_ super- 
family. Authors who suggest the Ischyromyi- 
dae as the ancestors of the South American 
hystricomorphs are using the term in the sense 
of Simpson and Wilson, and presumably have 
in mind the animals here called Sciuravidae and 
Paramyidae. 
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apparently consider them to be a separate 
line, which had independently acquired 
an enlarged infraorbital foramen. No in- 
formation is available to the present au- 
thor to indicate whether the masseter ac- 
tually penetrated the infraorbital fora- 
men, as it does in the hystricomorphs. It 
is possible that the Theridomyidae may be 
ancestral to some or all of the Old World 
forms referred to the Hystricomorpha, 
but this can only be determined by de- 
tailed studies of the Old World fossil and 
recent hystricomorphs. Genera often re- 
ferred to the Theridomyidae include 
Phiomys and Metaphiomys from the 
Oligocene of Egypt, as well as various 
Miocene African genera. These are just 
as different from the South American 
group as are the theridomyids, although 
they may fit into the ancestry of the 
African hystricomorphs. 

Two North American families might 
include the ancestral stock, the Sciu- 
ravidae and the Paramyidae. The Sciu- 
ravidae show a number of important 
resemblances to the earliest South Am- 
erican hystricomorphs. Unfortunately, 
their skeletons are unknown, so com- 
parisons must be limited to the char- 
acters of the skull and dentition. The 
teeth of some members of the family are 
closer to those of the South American 
hystricomorphs than are those of any 
other possible ancestor (fig. 1, A, B, D, 
E). In spite of the absence of supporting 
evidence from the skeleton, the South 
American group may have been derived 
from some unknown member of the Sciu- 
ravidae (Wood, 1949, p. 46-47). 

The Paramyidae are abundant in the 
Eocene of North America. A few speci- 
mens are known from the European Eo- 
cene, suggesting that they had a Holarctic 
distribution. The best known members 
of the family are the Middle Eocene 
(Bridgerian) forms from Wyoming. 
These show no hystricomorph specializa- 
tions, representing something not very 
far removed from the basic stock of all 
rodents, so it is not surprising that they 
show resemblances to the South Ameri- 
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can group. In particular, the Bridgerian 
Reithroparamys shows a number of fea- 
tures which suggest that it may have defi- 
nite affinities with the South American 
genera (Wood, 1949, p. 46). Work now 
in progress on the Paramyidae (Wood, 
in mss.) shows that at least one genus 
of this family, Rapamys from the Upper 
Eocene, had enlarged the infraorbital 
foramen and had begun the “hystrico- 
morph” type of masseteric specialization, 
in addition to showing cheek tooth modi- 
fications trending in the same direction 
as do the Sciuravids and South American 
forms (fig. 2). While there is a con- 
siderable structural gap between the Up- 
per Eocene Rapamys of California and 
the Lower Oligocene Platypittamys of 
Patagonia, particularly in the upper mo- 
lars, this is no more than would be ex- 
pected given the geographic and temporal 
gap, and the Paramyidae may well have 
been directly ancestral to the South 
American hystricomorphs, through Rapa- 


mys or a closely related form. Upper 
Eocene rodents from Mexico and north- 
ern South America could well fill the 
structural gap. 

It seems likely that the Old World hys- 
tricomorphs were derived from Old World 
members of the Paramyidae, either di- 
rectly or through the Theridomyidae. 
They certainly could not have been de- 
rived from Rapamys, however, on the ba- 
sis of what we know of the tooth anatomy 
of the various forms. Any detailed deri- 
vation, for the time being, must remain 
purely hypothetical, since the intermedi- 
ate stages are unknown. Tentatively, it 
is perhaps most likely that the Old World 
hystricomorphs were derived directly 
from unknown (perhaps African) mem- 
bers of the Paramyidae. 

One important problem remains which 
requires an explanation. The similarities 
between the African Petromyidae and 
Thryonomyidae on the one hand and cer- 
tain South American genera on the other 


Fic. 1. Teeth of various rodents. 


A 
B 
D. Platypittamys brachyodon. P.-Ms left. 
E 

F 
A 
C and F from Upper Eocene of France. 


. Platypittamys brachyodon. P*-M* left. 
. Sciuravus nitidus. M’*-M® left. Yale Peabody Mus. No. 13333, x 7.5. 
Theridomys aquatilis. P*-M° left. Brit. Mus. No. 27756b, xX 5. 


Amer. Mus. Nat. Hist. No. 29601, x 10. 


Amer. Mus. Nat. Hist. No. 29600, x 10. 


. Sciuravus undans. P.-Msz right. Yale Peabody Mus. No. 13349, x 7.5. 
. Theridomys aquatilis. P.-Ms left. Brit. Mus. No. 27756a, X 5. 
and D from lower Oligocene of Patagonia; B and E from Middle Eocene of Wyoming; 
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Fic. 2. Rapamys fricki, X 5. 


A. dp*-M®* right (anterior end to the 
Cal. Inst. Tech. No. 


B. P.-Ms left. 


are so close that the African families are 
generally included in the South American 
Superfamily Octodontoidea (Simpson, 
1945, p. 212). For many years they 
were even placed in South American 
families, the Octodontidae and Capromyi- 
dae. It is worth stressing that the re- 
semblances are not to the South Ameri- 
can hystricomorphs in general, but to 
these two specific families. As men- 
tioned above, the South American families 
all seem to have been derived from a com- 
mon stock. The Acaremyidae, repre- 
sented by the Deseadan Platypittamys, 
seem to be the only slightly modified 
descendants of such a stock (Wood, 1949, 
p. 5). The Octodontidae and Capromyi- 
dae differentiated from this stock in South 
America. Therefore, if the resemblances 
of the African genera are indicative of 
close relationships, they must be descended 
from the South American forms, and not 
vice versa. Moreover, the origin of the 
African forms must be later than the 
origin of their two sets of South Ameri- 
can ancestors. 

Such a derivation could be explained by 
the exceedingly improbable reverse raft 
voyage, at a date since the beginning of 
the Oligocene, of two sets of South Amer- 
ican rodents. The apparent resem- 


Upper Eocene of California. 


right). Cal. Inst. Tech. No. 2183. 


2181. 


blances, however, are so striking that 
Joleaud (1919) used a land bridge with 
peculiar relationships (Simpson, 1943a, 
p. 25) to bring the African forms across 
from South America. For the reasons 
indicated above, a land bridge seems com- 
pletely out of the question. Moreover, 
the unworn teeth of the African Thry- 
onomys figured by Friant (1945, p. 201, 
fig. 1) suggest that the Thryonomyidae 
at least may so differ from the Capromyi- 
dae in the basic elements of the tooth 
pattern, that it would be difficult to de- 
termine the homologies of the parts of the 
teeth in the African form. It would seem 
that the apparently identical tooth pattern 
may be limited to worn teeth. Where this 
is the case in other rodents, it means that 
the two groups have been independently 
derived. 

As we know nothing of the past history 
of either the Petromyidae or the Thy- 
ronomyidae, it is equally possible to pos- 
tulate that they were derived from South 
American ancestry or that they have de- 
veloped independently in Africa from 
an Old World ancestry, and that their 
resemblances to members of the Octo- 
dontoidea are entirely due to parallelism. 
This may seem to some to be assuming 
so much parallelism as to be exceedingly 
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improbable. To the present author, how- 
ever, the probability of this parallelism ap- 
pears to be greater than that two sets of 
rodents were able to float across the 
South Atlantic. Parallelism would at 
least seem to be justified as a working hy- 
pothesis to direct future morphologic and 
paleontologic investigations. 

Whatever is done with the Thryono- 
myidae and Petromyidae, it seems almost 
certain that the South American hystrico- 
morphs and the Hystricidae have been 


_ independently derived from the Paramyi- 


dae, and that their similarities are due to 
parallelism and convergence in their sub- 
sequent evolution. Presumably, they 
were not even derived from the same 
members of the Paramyidae. The hys- 
tricomorphs therefore of necessity show 
considerable parallelism, which increases 
the likelihood that some of the other 
troublesome cases may be due to similar 
parallelism. 


ORIGIN OF HysTRICOMORPH 
CHARACTERISTICS 


If the above hypothesis of the lack of 
relationship between Old and New 
World hystricomorphs is correct, we 
should find suggestions of the initial stages 
of the independent development of sub- 
ordinal features in the fossil record. An 
analysis of the available data not only sug- 
gests that there were cases among rodents 
of parallelism of this order, but may even 
be considered to indicate the probability 
that this particular parallel development 
did occur in the case of the hystrico- 
morphs. 

Initially, the rodents became separated 
from other mammals by the development 
of elongated, chisel-shaped incisors, which 
were used in gnawing. Gnawing requires 
a different usage of jaw muscles from 
other types of chewing, and a number of 
adaptive modifications of the muscles, 
skull, and jaws took place. In the Eocene, 
these had already occurred, and the ro- 
dents were a successful group, of Holare- 
tic and perhaps African distribution. The 
main jaw muscle used at this time was the 


temporal, which would close the jaw or 
pull it backward. The largest jaw muscle 
among recent rodents is the masseter, 
which pulls the jaw forward as well as 
upward, thus providing the main _ basis 
for gnawing. In the Eocene, the mas- 
seter was relatively small. As a result, 
gnawing efficiency must have been limited, 
and perhaps the rodents were restricted to 
the gnawing of relatively soft foods. 

During the Eocene the rodents passed 
through an adaptive radiation, resulting 
in the development of considerable num- 
bers both of individuals and of species. 
Toward the close of the period they ap- 
parently reached an evolutionary plateau. 
Almost without exception, the Eocene 
rodents show the primitive arrangement 
of the jaw muscles, which must have 
somewhat limited their dietary potenti- 
alities. As a result, although successful 
within their limitations, the rodents must 
have occupied rather limited varieties of 
ecologic niches. Due to the resulting 
severe competition, there would have de- 
veloped a strong selection for mutations 
causing an increase in the size of the 
masseter muscle, or for a gene causing 
increased frequency of such mutants 
(Ives, 1949). Such an increase in size 
of the masseter would have permitted the 
gnawing of a wide variety of harder foods 
and the invasion of a considerable number 
of new ecologic niches. It seems quite 
clear that there was what appears to have 
been a rather sudden development, near 
the close of the Eocene, in a large number 
of independent lines of rodents, of modifi- 
cations of the skull and jaws correlated 
with an increase in the size of the mas- 
seter. This appears to have occurred 
throughout the northern hemisphere. 
The apparent suddenness is probably an 
example of tachytelic evolution (Sirhpson, 
1944, p. 134), although it may in part 
be due to the fact that we know relatively 
little of late Eocene rodents. 

Primitively, the masseter is attached 
to the slender zygoma, where there is not 
enough room for the origin of a great 
muscle mass. Therefore, if the muscle 
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enlarged, it must either have increased 
the thickness of the zygoma, which it did 
as a subsidiary change in some forms; 
have migrated up in front of the zygoma 
onto the side of the snout, which it did in 
the Sciuromorpha (squirrels, beavers, 
etc.) ; have migrated up inside the zy- 
goma, through the enlarged infraorbital 
foramen, and out onto the face, as in the 
Hystricomorpha; or a combination of 
these methods, as in the Myomorpha (rats 
and mice and numerous other forms). 

The greatest single morphological char- 
acteristic shared by all the hystricomorphs 
is this migration of the origin of part of 
the masseter through the infraorbital fora- 
men onto the face. The structural modifi- 
cations appear identical or nearly identical 
in both the New and Old World hystrice- 
morphs. These changes in the masseter 
are associated with a number of other 
modifications of the skull, particularly the 
tremendous enlargement of the infraorbi- 
tal foramen. The angle of the jaw is 
also inflected in all forms, which is also 
related to the activity of the jaw mus- 
cles. The teeth of modern hystricomorphs 
show superficial similarities, but they ap- 
pear to have been developed by parallel 
or convergent evolution from different 
starting points, and the similarities are 
much less apparent in unworn teeth than 
in worn ones (Friant, 1935). Other 
common characteristics, such as the pres- 
ence of quills, are found in rodents be- 
longing to other suborders. 

It is clear that the three main types of 
modification of the masseter were devel- 
oped independently though at about the 
same time. It is also becoming progres- 
sively clearer that, within at least some 
of the major categories, there were inde- 
pendent developments of this type of 
modification. The squirrel type, with the 
masseter in front of the zygoma, has been 
shown to have developed twice indepen- 
dently (Wood, 1937a, p. 195), and may 
well have been developed four or more 
times.* It seems almost certain that the 

® As this paper is being completed, Wilson’s 
Early Tertiary Rodents of North America has 
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hystricomorph type developed independ- 
ently at least in the theridomyids and the 
New World hystricomorphs, and prob- 
in the Hystricidae. In the absence of fos- 
sils, it does not seem unreasonable to 
believe that the enlargement of the mas- 
seter in the Petromyidae and Thryono- 
myidae occurred independently of the 
changes in the New World, and that the 
other changes in the skull and jaw were 
associated with it, and with the corre- 
sponding modifications of the rest of the 
gnawing mechanism. 


PARALLELISM AMONG PORCUPINES 


It has been shown ( Wood, 1937b; 1947, 
p. 158-159) that the rodents exhibit great 
quantities of parallelism in their tooth 
evolution. The similarities in tooth struc- 
ture between the Old and New World 
hystricomorphs are no more than are 
known to have occurred elsewhere in the 
order, among non-related groups. In 
fact, when unworn teeth are examined, 
the most striking similarities disappear. 
Similarities between the Old and New 
World hystricomorphs go farther than 
this, however, extending to much of the 
skeleton as well as the soft anatomy. If 
the Old and New World groups are not 
related, it must be a very striking case of 
parallelism. 

According to the present classification, 
the Old World and New World groups 
make up the suborder Hystricomorpha, 
derived from a different and more primi- 
tive suborder, and sharing a number of 
rather complex specializations. While 
admitting that geographically this is not 
reasonable, up to the present time no one 
has been able to discover any very good 
structural basis on which these two groups 
of hystricomorphs could be separated on 
a subordinal level. Nevertheless, as 
pointed out above, the two groups seem 
to have been independently evolved. 
been received, in which he suggests that the use 
of the structures of the zygoma and masseter 
for rodent classification may well give incor- 
rect results, due to the same structural modi- 
fication having arisen several times independ- 


ently (Wilson, 1949, p. 150, 154-155). 
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This raises a very intriguing problem, 
not only for the taxonomist, but also for 
the student of evolution. Most authors 
would agree that, if there are two groups 
which cannot be separated other than 
geographically, there is no valid basis for 
separating them taxonomically, although, 
as pointed out by Simpson (1945, p. 7), 
geographic distribution is unquestionably 
a feature of importance to the taxonomist. 
Likewise, most students would agree that, 
where two groups can be shown to have 
been derived from different ancestors, they 
normally should be separated, taxonomi- 
cally. 

Perhaps this point should be elaborated, 
as cases can be cited where these criteria 
do not necessarily hold. Many authors 
are coming to accept the idea that the 
mammals have been derived several times 
from the reptiles, and yet all leave the 
mammals as a single class (Olsen, 1944, 
p. 124; Simpson, 1945, p. 17). This is 
partly because the most advanced of the 
mammal-like reptiles are called reptiles 
rather than mammals on rather formal- 
istic grounds. By a slight shifting of 
the criteria for separating fossil mammals 
from reptiles, the line could be drawn at 
an earlier point in geologic time, at which 
stage all the mammals might have had a 
common derivation from reptiles. In ad- 
dition, because there are no other groups 
of mammal-like animals derived from 
other groups of reptiles, the chance of 
confusion is not very great. In those 
classifications of mammals which include 
the Miacidae among the Creodontia, there 
is a probability of polyphyletic origin for 
the Fissipedia from the creodonts. But 
again, there are no other groups of car- 
nivores, closely paralleling the fissipedes, 
descended from other groups of creodonts. 

But among the rodents, there are many 
groups descended, presumably, from the 
Paramyidae, either directly or indirectly.’ 


7The Paramyidae, as represented by their 
Middle Eocene and later members, are probably 
too specialized to be ancestral to most rodents. 
The Lower Eocene paramyids, however, include 
some forms which seem to be very close to 


Temporally, they have all been separated 
from the ancestral stock almost equal 
lengths of time. Morphologically, some 
have become more distinct from the Eo- 
cene ancestors than others, and some have 
evolved in directions all their own, while 
others have moved in more popular direc- 
tions, paralleled by a number of other 
groups. We still do not know from which 
of the Eocene rodents most of the later 
families have been derived. As a result, 
there is no paleontologic basis for be- 
lieving that the Old and New World 
hystricomorphs are genealogically any 
closer to each other than either is, for ex- 
ample, to the Sciuridae or Cricetidae, and 
considerable basis, on paleogeographic 
grounds, for believing that they are not. 

. We cannot solve the problem of rodent 
classification by doing as we do with 
mammals as a whole or with the carni- 
vores, and lumping all the specialized de- 
scendants of the generalized ancestors in 
a single group, since such a lumping would 
bring together all but a single genus 
(Aplodontia) of modern rodents in a 
single taxonomic unit. 

Considering the “hystricomorphs” 
alone, there are two alternatives. We may 
separate the New World porcupines from 
the Old World ones, as a distinct suborder, 
admitting that there are at present no 
adequate morphologic criteria for making 
this separation, and that it would have to 
be done on a geographic and paleogeo- 
graphic basis with the hope that additional 
paleontologic data would demonstrate the 
validity of such a separation. Or we may 
leave the Hystricomorpha as a single sub- 
order on morphologic grounds, with the 
understanding that very possibly the Old 
and New World forms are more closely 
related to members of other suborders 
than they are to each other. Until the 
problem of rodent classification can be 
considered as a whole, the latter is felt 
to be the more conservative course, al- 
though probably the more misleading. 
being the common ancestors of all later rodents. 


Unfortunately, these Lower Eocene forms have 
not yet been adequately studied. 
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If these conclusions are correct, this 
indicates a very interesting problem in the 
field that might be called paleogenetics. 
Presumably the Paramyidae, being a 
single family and at that time of relatively 
recent origin, had a rather uniform gene- 
tic make-up during the Lower and Middle 
Eocene. Given a world-wide (or at least 
Holarctic) situation where there was 
identical or nearly identical selective ac- 
tion of the environment for enlargements 
of the masseter muscle, and given the 
very few possible ways in which it could 
enlarge, it would seem that there followed 
a series of identical or nearly identical 
mutations in the two parts of the world. 
The similarity of these mutations was so 
great that. there resulted a morphologic 
similarity so close to identity that, to date, 
it has in some cases successfully defied 
analysis. Since it does not seem at all 
reasonable to assume that the structural 
modifications involved resulted from one 
or two mutations, the resulting parallelism 
must have been very great. A similar ex- 
planation has been suggested for the dis- 
tribution of the African and South Am- 
erican frogs of the family Pipidae 
(Schaeffer, 1949, p. 61). 

Perhaps this looks a little like ortho- 
genesis, but it is not intended as such. 
Gnawing was a very successful acquisi- 
tion for the rodents, and permitted them 
to become very numerous and, within 
their limitations, divergent. However, it 
also strictly limited the directions of their 
possible future evolution. If, as has been 
suggested, there was a subsequent adap- 
tive value in increasing the size of the 
masseter muscle in order to use these 
chisel teeth to full advantage, it is not 
surprising that mutations bringing about 
this change should have had a positive se- 
lective value. 

It is possible that only a small number 
of mutations (perhaps governing the 
growth rate of the masseter) were in- 
volved, or that genes increasing the mu- 
tation rate of the masseter genes were 
present (Ives, 1949). If either of these 
were true, the likelihood that masseteric 


mutations would have occurred inde- 
pendently on several occasions is in- 
creased. Once such a change had oc- 
curred, the associated skeletal changes 
would have proceeded rapidly. 

Since there were a very limited num- 
ber of ways in which the modifications of 
the masseter could have been brought 
about, there would probably have been 
a strong selective influence acting on any 
of a small number of possible different 
mutational trends. That is, we would 
have orthoselection rather than ortho- 
genesis, and would, as a result, wind up 
with very distantly related animals which 
could be distinguished from each other 
morphologically with difficulty if at all, al- 
though they would all be quite different 
from the ancestral stages. 


SUMMARY AND CONCLUSIONS 


The hystricomorphs do not lend sup- 
port to the hypothesis of trans-Atlantic 
land connections during the Tertiary. On 
the contrary, the South American forms 
can be shown to have definite affinities 
with the North American Eocene Para- 
myidae, suggesting an orthodox geo- 
graphical origin for these rodents. The 
Old World forms cannot have been de- 
rived from the same North American 
forms, but presumably are descended 
from Old World representatives of the 
basal rodent stock. 

If this i$ the case, the similarities be- 
tween the Old World and New World 
hystricomorphs must be parallelisms, re- 
sulting from similar evolutionary trends in 
different parts of the world. These simi- 
larities are largely in the structure of 
the jaw muscles and associated regions of 
the skull and jaws. The similarities in 
tooth structure are superficial, appear- 
ing to be most striking in worn teeth. The 
Petromyidae and Thryonomyidae of Af- 
rica show many resemblances to South 
American forms. If these are not the re- 
sult of parallelism, it means that two sets 
of South American rodents must have 
floated to Africa. 

The variations in the skulls and jaw 
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muscles, which are now used to separate 
the various suborders of rodents, do not 
appear to be primary variants, but each 
one may have developed independently 
several times, and thus represent paral- 
lelism or convergence. 

If the similarities between the Old and 
New World hystricomorphs are entirely 
parallelisms, it leaves the taxonomic prob- 
lem of what to call these groups and how 
to rearrange the classification of the or- 
der. This problem cannot be settled at 
the present time, as it should be taken up 
in connection with a re-study of the clas- 
sificaiton of the entire order. 
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NOTES AND COMMENT 


A FUNDAMENTAL SEX DIFFERENCE BETWEEN LAGOMORPHS AND 
OTHER PLACENTAL MAMMALS 


Georce A. 


Characteristics distinguishing rabbits, hares, 
and conies from rodents have been discussed by 
numerous investigators, especially Lyon (Smith. 
Misc. Coll., 45: 321-447, 1904), Gregory (Bull. 
Amer. Mus. Nat. Hist., 27: 1-524, 1910), Gid- 
ley (Science, n.s. xxxvi, No. 922: 285-286), 
Wood (Trans. Amer. Phil. Soc., n.s.; 271-362, 
1940), Simpson (Bull. Amer. Mus. Nat. Hist., 
85: 1-350, 1945), and Moody, Cochran & 
Drugg (Evol., 3: 25-33, 1949). 

An anatomical characteristic of rabbits and 
hares which seems to have passed unnoticed 
concerns the position of the scrotum relative to 
the penis in males. In lagomorphs, the scrotum 
is anterior to the penis; in rodents and other 
placental mammals possessing scrota it is usu- 


ally posterior. 


The lagomorph scrotal position resembles 
that of marsupials. In fact, the anterior scrotal 
position frequently is given (Gill, Smith. Misc. 
Coll., 11: 1-98, 1872) as an ordinal character 
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of the latter group. Though Gill stated that 
the scrotum is “never in front of the penis” in 
the placental mammals, Ingles (Journ. Mam- 
malogy, 22: 227-250, 1941) sketched (p. 241) 
the true relative positions of the male sex 
organs, in discussing sex determination in Syi- 
vilagus audubomi. Severaid (Bull. Maine Dept. 
Inland Fish & Game, 1-95, 1942) also prepared 
a drawing showing the location of the penis in 
the snowshoe hare (Lepus americanus) which 
precludes the possibility of a posterior position 
for the scrotum in that species. Neither of 
these authors, however, seemed to notice the 
unusual arrangement of the scrotum and penis 
in these leporids. No published information is 
available in this regard for species of the Ocho- 
tonidae, but I am informed by Dr. H. H. T. 
Jackson that this anterior position of the scro- 
tum also holds for Ochotona princeps. 
Texas Cooperative WiLpiire UNIT, 
Texas A. AND M. COoLLece, 
CoLiece STATION, TEXAS 


EVOLUTION IN THE SOVIET UNION 


G. L. Srespins, Jr. 


Since the summer of 1948, when it reached its 
climactic phase, the Russian controversy over 
beliefs in the fields of genetics and evolution 
has been followed with great interest by scien- 
tists and laymen alike. Until recently, however, 
those not familiar with the Russian language 
and not in touch with the source material have 
had to rely on second hand information about 
this controversy, much of which has been 
clearly biased in favor of one or the other side. 
Now, however, Dr. Conway Zirkle, the well 
known historian of science, has provided us 
with a carefully chosen and skillfully edited 
volume, in which, through translations from 
original articles published in various Russian 
journals, the Russians are allowed to indict 
themselves.? 

The particular interest of this book to evolu- 
tionists is twofold. In the first place, it docu- 


1 Zirkle, Conway, Editor. Death of a science 
in Russia. Philadelphia, University of Penn- 
sylvania Press. $3.75. See also: Huxley, Ju- 
lian. Heredity East and West. Lysenko and 
World Science. Henry Schuman, New York. 


$3.00. 
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ments the stand of the Russians in favor of 
the Lamarckian theory of evolution, which else- 
where in the world has been completely aban- 
doned as unsupported by factual evidence. Sec- 
ondly, it shows how, in a totalitarian state, 
politicians and other men with influence but 
with little scientific knowledge, can establish 
by decree and by propaganda the beliefs which 
all scientists must hold, regardless of any evi- 
dence which they may discover in contradiction 
to them. 

In regard to Lamarck’s ideas, Dr. Zirkle 
has recorded a remarkable reversal of opinion 
during the last ten years. Between 1936 and 
1939, the supporters of T. D. Lysenko, the 
“geneticist” who has led the opposition to 
Mendel’s laws and to other principles of mod- 
ern genetics, vigorously denied that Lysenko’s 
views have anything in common with those of 
Lamarck, even though the fundamental basis 
of both Lysenko’s and Lamarck’s concepts is 
the inheritance of characteristics acquired dur- 
ing the lifetime of the individual, through the 
direct influence of the external environment. 
Thus M. B. Mitin, head of the Philosophical 
Institute of the Academy of Sciences, wrote an 
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article in Pravda for December 7, 1939, in which 
his praise for Lysenko included a rebuke to the 
“formal geneticists” who accused Lysenko of 
Lamarckianism, and by his language made clear 
the fact that in 1939 “Lamarckianism” was a bad 
word. 

In 1948, however, not even the Russians could 
deny the great similarity between the views of 
Lysenko and those of Lamarck. Therefore, this 
same M. B. Mitin, speaking before the Lenin 
Academy of Agricultural Sciences on August 
6, 1948, told his audience that Lamarck’s teach- 
ing, since it arose in connection with the French 
Revolution, “reflected the revolutionary epoch 
of the time.” Such statements were sufficient 
to remove the opprobrium previously attached 
to the term Lamarckianism, and to elevate it 
to a position of high respectability in Russian 
thought. To be sure, an earlier speech at the 
same meeting had brought forward “evidence” 
in favor of the Lamarckian theory. V. A. 
Shaumyan, a leading cattle breeder, explained 
the evolution of increased size in the udder of 
modern domestic cows as follows. Each cow, 
during her lifetime, receives 6-7 million strokes 
from a milkmaid’s hands. This cannot fail to 
stimulate increased growth of the udder, and 
no one can deny that this stimulation, applied 
generation after generation, must produce a 
hereditary increase in the size of the udder! 

To those familiar with the brilliant achieve- 
ments of such Russian scientists as Vavilov, 
Levitzky, Karpechenko, Chetverikov, Dubinin, 
and Schmalhausen, all of whom have been 
killed, exiled, or forced to “recant,” the ridicu- 
lous mouthings of men like Shaumyan are more 
tragic than comic. 

The influence of politics and “philosophy” 
on scientific thinking forms the main theme 
of Dr. Zirkle’s documentary. In his introduc- 
tion, Dr. Zirkle carefully and accurately ex- 
plains the obscurantism, the raising of false is- 
sues, and the verbal tricks by which the cleverer 
supporters of Lysenko, as well as the politicians 


who are behind him, confuse the thinking of 
their audiences and manage to elevate the naive, 
almost unintelligible utterances of an untrained 
peasant like Lysenko so that they are regarded 
as profound scientific truths. Of equal value 
are Dr. Zirkle’s carefully prepared footnotes to 
the more important translations. These point 
out specifically the half-truths, the subtle in- 
nuendos, and the clever bits of misrepresentation 
by which the more able speakers achieve their 
goal. After reading these speeches, one gains 
the impression that scientific conferences in 
Russia at the present time resemble the political 
debates of Tammany Hall in the 1890's, or the 
efforts of Dr. Goebbels in the 1930's. 

After the polemics have all been recorded, 
Dr. Zirkle prints a translation of an editorial in 
Pravda for August 27, 1948, which to the pres- 
ent reviewer is the most significant document 
of all in revealing the true aims of the Soviet 
authorities. In this editorial, objectivity in 
scientific work is declared bad, and scientists 
are told that they must regard all of their work 
from the viewpoint of partisanship. The offi- 
cial decree is that from now on science in the 
Soviet Union and its satellite nations will no 
longer consist of an objective, impartial search 
for the truth. Soviet science has only two ob- 
jectives. The first is to produce technological 
improvements for increasing the well being of 
the Soviet citizen; the second is to obtain ad- 
ditional propaganda in support of the Rus- 
sian brand of Marxism. In his introduction, 
Dr. Zirkle suggests the following explanation of 
why genetics has been eradicated from the So- 
viet Union: “It is possible that authoritarianism 
simply cannot allow the existence of the in- 
tellectual standards of free scientific inquiry.” 
In this reviewer’s opinion, the Pravda editorial 
just cited shows that this explanation is by far 
the most probable one. In view of this fact, the 
title of Dr. Zirkle’s book might well be short- 
ened to read: “Death of Science in Russia.” 


INTROGRESSIVE HYBRIDIZATION 1 


Cart L. Hupss 


Given an opportunity in the Wiley Biological 
Research Series to synthesize methods, facts 
and ideas, in a field that he himself has espe- 
cially cultivated, Edgar Anderson surveys in 
this stimulating little volume the problem of in- 
terspecific hybridization in nature, with particu- 


1Introgressive Hybridization. By Edgar 
Anderson. John Wiley & Sons, New York, 
Chapman and Hall, London, 1949: i-ix, 1-109, 
figs. 1-23. $3.00. 


lar reference to the introgression of genetic 
traits from one species into another. Ob- 
jectively and conservatively, yet with enthusiasm 
and inspiration, he portrays the genetic inter- 
play between species, and shows, significantly, 
how this interplay is controlled by the environ- 
ment. In so doing he makes a notable contri- 
bution to the facts and interpretations of specia- 
tion, though he wisely refrains from sweeping 
claims or conclusions as to the importance of 
hybridization as a factor in evolution. In this 
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early stage of developing the subject, he is more 
concerned with measurement and with analysis 
than with argument and opinion. 

On the basis of impressive evidence, Ander- 
son concludes that the end result of natural hy- 
bridization is often, if not usually, the modifica- 
tion and increased variability of the parental 
species, because, if it leads anywhere, such 
crossing ordinarily promotes backcrossing with 
one or both species. Thus, gradually, genes 
may infiltrate from one species into another. 
Because of the close adjustment of each species 
to its particular environment and its segrega- 
tion therein, hybridization occurs chiefly where 
the environment has been disturbed and hybrid 
swarms are produced only where man or nature 
has greatly altered the habitats. The inter- 
mediate hybrids will not ordinarily locate a 
niche and will not survive as such by inter- 
breeding. Those that resemble one or the 
other species most closely, physiologically as 
well as morphologically, will tend to occupy and 
persist in the habitat of that species. There 
backcrossing will take place and will often con- 


tinue until the population will be modified and’ 


rendered more variable, without losing its spe- 
cific identity. The gene interplay is roughly pro- 
portional to systematic relationship, but may in- 
volve genera. 


NOTES AND COMMENT 101 


Considerable and welcome attention is given 
to the bearing on interspecific hybridization of 
the genetics of multiple factor characters, a 
subject which Anderson has long pursued and 
which led him into this idea of introgressive hy- 
bridization. The high number of multiple fac- 
tors that seem to operate in the development of 
most characters of systematic value is said to 
yield an F, generation much like the F;, with 
only moderately increased variability, and is 
held to render virtually complete the reconsti- 
tution of the recurrent species by only five or 
six successive backcrossings in one direction. 
The strong linkage of multiple factor characters 
is claimed to increase vastly the probability of 
obtaining offspring like the recurrent species. 
It is suggested that linkage may provide the 
initial isolation necessary for the action of 
natural selection. 

The conclusions stated by Anderson, on the 
basis of his studies of hybridizing plant species, 
ring true and clear to me, not only because of 
the plausibility of the evidence presented, but 
also because they apply so very well to the re- 
sults of my own studies on hybridization be- 
tween the lower systematic categories of fishes. 

Scripps INSTITUTION OF OCEANOGRAPHY 

(UNIVERSITY OF CALIFORNIA), 
La CALIFORNIA 
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MINUTES OF THE CouNcr. MEETING at New 

York, December 27, 1949 

The Council, with seven members present, 
enacted the following items of interest to the 
Society as a whole: 

1) The Editor was authorized to print an 
edition of Vol. IV of Evotution of 1500, as for 
previous volumes. Inventory on hand is 380 sets 
of Vol. I, 467 sets of Vol. II, and 434 sets of 
Vol. III. 

2) In view of the limited supplies of stocks, 
the Treasurer was requested to sell individual 
numbers of Evo_ution only to replace lost 
copies, in order not to break more sets than 
necessary. 

3) As Evo.uTIon is an international journal, 
the Editor was instructed to submit to the 
Council any acceptable paper in a foreign lan- 
guage (French, Spanish, Italian, German) for 
authorization of the extra costs of composition. 

4) The Council voted a budget of $5,000 for 
Vol. IV. 

5) The Editor was authorized to draw up a 
new schedule of reprint costs to authors that 
would be commensurate with the cost of re- 
prints to the Society. 


6) The panel of Associate Editors for the 
class of 1952 was approved by the Council (pub- 
lished on the cover of this number), and the 
Editor was authorized to fill any vacancies that 
might occur between annual meetings of the 
Council. 

With respect to the business of the office of 
Secretary, the Council made the following ac- 
tions : 

1) It was voted to publish in Evo_ution an 
abstract of the financial statement of the Society 
and abbreviated notes on the essential business of 
the Society. 

2) It was voted to publish a Directory of 
Members no more often than every two years. 

3) The Secretary was directed not to pub- 
lish abstracts of papers in the program of the 
annual meeting because of the cost of this prac- 
tice. 

4) The Council voted to meet with the bio- 
logical societies in 1950. This action probably 
means that the annual meeting will be with 
the AIBS at Ohio State University, 11-13 Sept., 
rather than with the AAAS at Cleveland in 
December. 

5) The President was instructed to investi- 
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gate the possibility of the Society meeting in 
California in 1951. 

6) An amendment to Art. V of the Constitu- 
tion, proposed by the Chairman of the 1949 
Nominating Committee, was approved by the 
Council for a mail ballot by the membership. 

This amendment called for the addition of the 
office of President to those of Secretary, Treas- 
urer, and Editor for which single nominations 
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are made. It was defeated by 128 to 73 by a 
count of votes on March 8, 1950. 

The Annual Business Meeting of the Society, 
December 30, 1949, heard the minutes of the 
Council meeting and discussed various aspects of 
the report. The S@grétary announced the results 
of election of officers for 1950. This is printed 
on the cover of the number of Evo.urtion. 

Respectfully submitted, 
STanLey A. Cain, Secretary 


SOCIETY FOR THE STUDY OF EVOLUTION 
REPORT OF THE TREASURER FOR 1949 
(Nov. 6, 1948-Dec. 1, 1949) 


RECEIPTS 
Total dues from members 
1949 Recerpts: $10,265.82 plus balance $13,324.97 
EXPENDITURES 
Reprints and postage, Lancaster Press .................cseeceecees 648.45 
Printing of EvoLuTIon 
| 6347.60 6347.60 
(signed) Kart P. Scu Mint, 
Treasurer 
CORRECTION 
In Volume 3, Number 4, of Evo_ution there 2Cuenot, L. 1941. Invention et Finalite en 
was an error on page 377. Footnote No. 2 of — Biologie. Flammarion, Paris. 267 pp. 
the article by Theodosius Dobzhansky should Vanvet, A. 1949. L’Homme et |’Evolu- 


tion. Gallimard, Paris. 201 pp. I 


have read as follows: 
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